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ARTICLES

INVESTIGATION OF THE PHYSICAL CHARACTERISTICS
OF THE REACTOR DURING STARTUF OF THE FIRST UNIT
OF THE BILIBINSK NUCLEAR POWER STATION

Vaimugin, V., V., Bondarenko, UDC 621 .039.524,2621,039,519
Goryunov, A, V, Gusev,
Dubovskii, P. G, Dushin,
Efeshin, L, D. Kirillovykh,
Kisil', vV, I. Kozlov,
Komissarov, E, V, Koryagin,
Kostromin, N, I, Lagosha,
Lyutov, M., E, Minashin,

. Mokhnatkin,A, P, Pan'ko,

F, Taskaev, V, N, Sharapov,
and A, I, Shtyfurko.

. A

. . . .
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As already reported [1], the Bilibinsk Nuclear Power Station will consist of four units with reactors
of the same type, In the period from 10 to 31 December, 1973, physical startup of the reactor of the first
unit was effected* and on January 12, 1974 the Bilibinsk Nuclear Power Station produced electric current
for the first time,

During startup of the reactor of the first unit, detailed investigations were undertaken of the physical
characteristics of the active zone in order to introduce, if required, any necessary changes in the loading
of the reactors of subsequent units, The startup program, therefore, in addition to determining the
characteristics of the reactor necessary for operation, provided for a number of other measurements, in
particular, determination of the parameters of critical assemhlies which was necessary for verification of
the accuracy of the design procedures used in planning, :

*The second unit of the nuclear power station was brought on stream at the end of 1974,

TABLE 1, Physical Characteristics of As- TABLE 2, Change of Reactivity on With-
semblies . drawal of FC-3 with Water (ApFC) and with
Critical number of |Material parameter, the Water Removed from It (APHZO)
Assembly|FC-3 m-? , —
. calcula- i alcula- oordinates EC \ N
experiment fion experiment ‘t:ionu Assembly of cell* [pt. 10% App,0- 10
I 38,3+0,2 39 6,5+0,6 5,9
II 55,2+0,2 55 4,7:0,5 4,6 I 11—11 —4,440,2 | —1,52+0,08
HI 50,8+0,2 46 4,440,5 4,5 11—10 —3,9+0,2 —
v 63,5+0,2 58 — 3,9 11—08 —2,9+0,2 | —0,4140,02
11—11 — -—0,654-0,03
| I 11—10 — —0,67+0,03
11—14 —_ —0,25+0,02
12—-07 —2,7+0,2 —
*Here and in future, the first two figures signify the
number of the row and the next two figures signify the
number of the cell in the row (see Fig. 1, a).

Translated from Atomnaya ﬁnergiya, Vol, 39, No, 1, pp. 3-8. July, 1975. Original article sub-
mitted September 13, 1974,

©1976 Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part of this publication may be reproduced,
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming,
recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $15.00.
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Fig. 1, Record chart of the reactor (a), transverse sections of a fuel channel (b) and .
a control and safety rod channel (c): 1, 2) Cells with fuel channels FC-3 and FC-3.3;
3, 4, 5) Automatic control rods (ACR), scram rods (SR) and manual control rods
(MCR); 6) Neutron flux sensors;7) Graphite brickwork;8) Fuel element;9) Steel tube;
10) Opening for control and safety rod.

Fig. 2. Record charts of critical assemHlies I-IV (a-d): ) Cell with fuel channel FC-3;
e, m, C) Channels for scram rods, ACR and MCR,

]

TABLE 3. Change of Reactivity on With- The condition of the reactor-and the emergency

drawal of the Control and Safety Rod Chan- protection was monitored by means of a highly-sensitive
nel with Water (AcCS), and the Graphite startup equipment, the sensors of which were located in
Plug (A8 from cell 12-12 " the peripheral cells of the active zone, This equipment,
- with the presence in the active zone of a startup neutron
Assembly 2p©8.10° ApB-10° source with a strength of ~ 107 n/sec, enahled the
"""" : ' neutron flux in the reactor to be monitored reliably from
I 2,840,2 —0,74-0,04  the instant of loading of the first fuel channels up to
v - 2,40,2 —0,87+0,04 . emergence at the power generating level, The effects of

reactivity were measured by a "Pamir-M" analog

, - reactimeter [2], whose kinetic simulator was made in
accordance With the characteristics of the effective groups of delayed neutrons of the Bilibinsk Nuclear
Power station reactor, ’ a

Measurements on critical assemhlies were made for the purpose of investigating the physical prop-
erties separately of the central and peripheral parts of the active zone, The difference between the prop-
erties of these parts of the active zone is because the control and safety rod channels, which occupy
separate cells, are located in the central part of the active zone and not in the peripheral section (Fig. 1).
The following units were mounted in the center of the reactor for these measurements: assembly I repre-
sented the control lattice (200 x 200 mm) of fuel channels filled with water and there were no control and
safety rods in the active zone of the assembly; assembly II was similar to assembly I, but without water in

572
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Fig; 3, Dependence of efficiency of water in the control and safety rod channels
and the square of the neutron flux on the distance to the center of the assembly:

o Apgjo; x) &, ‘

Fig. 4. Dependence of change of reactivity apg by filling an opening for a fuel
channel with graphite, on the distance to the center of the assembly: ®, 4)
Assemblies T and II, :

the fuel channels; agsembly IIT represented the fuel

TABLE 4, Efficiency of Water in Control and
channel lattice, evacuated, with control and safety rod

Safety Rod Channels
— - channels and fuel channels filled with water; assembly
Position of rod in con-|Presence of A verage change off . . .
trol and safety rod  |waterinfuel e‘gcrtigity hang IV was similar to assembly ITI, but without water in the
channel channel Femoval fuel channels,
In order to form assemblies I and I, 12 regular

: Yes -
Fully withdrawn No giéiglg control and safety rod channels were removed from the
central part of the reactor and fuel channels were
-2 installed in their place. The entire assembly was
T loaded with fuel channels having a 3% uranium enrich-
ment (FC-3).
During the measurements on the assembiies, the

minimum kinetic loadings, fuel channel efficiency and the efficiency of the control and safety rod channels,

and the neutron flux distribution along the radius and height of the assemblies were measured, The
measurement results are shown in Tahles 1 to 3 and the record chart of the assemblies is plotted in Fig. 2.

Comparison of the calculated and experimental data (see Table 1), shows their quite good agreement,
The greatest difference (~ 9%) in the critical number of channels is observed for assemblies I and IV,

. Yes 4
Fully inserted No 5

The effect of water in the cooling tubes of the control and safety rod channels on the reactivity of the
assembly was determined, The data obtained (Fig. 3), show that the effectiveness of the water in the con-
trol and safety rod channels (Ap%so), positioned at a different distance from the center of the active zone,
to a first approximation is proportional to the square of the thermal neutron flux (‘I%). This confirms that
the effect of the water in the control and safety rod channels is due mainly to an increase of thermal neutron
absorption, The overall decrease inreactivity, whenthe coolingtubes of the 12central control and safety
rod channels of assembly I are filled with water, amounted to 5.2 . 1073,

In the experiments on the assemblies, the opening for the fuel channels, located outs ide the active
zone, were not filled with graphite, In order to estimate the reduction of efficiency of ‘the reflector due to
the presence of these openings, the change of reactivity when certain openings were filled with graphite and
located at a different distance from the boundary of the active zone (Fig, 4) was determined. The data
shawed that by filling all openings of the reflector with graphite, the reactivity is increased by 9.6 - 1073

and 7.6 - 1073 respectively for assemblies I and II.
o 513 [
\
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TABLE 5. Efficiency of Fuel Channel and Control and Safety Rod Channels

Change in reactivity, Ak/k- 1¢°
Reactor Measurable effect
change cell11-11 cell 11-14 cell 11-17 | cell 11-19 cell 11-21
) i -3 wi 7,31+0,4 7,4+0,4 5,0+0,3 6,1+0,3 5,8+0,3
Bt I e er 0,010,5 | 88404 | 6,6+0,3 | 7,8504 | 7,540
FC-3 filling with water 1,23+0,06 0,33+0,02 0,95+-0,05 1,664-0,08 1,06+0,05
FC-3.3 filéng with water 1,664-0,08 0,60+0,03 1,263-0,06 2,3+0,1 1,524-0,08
Removal of CSR channel - 2,440,1 2,5+0,1 3,0+0,2 —
with water
269 FC FC-3 with water 10,0:(:8.2 1?’§i8'f55 5,2&8,2 é,g:&g,% ?,’éig’%
it T -3. ith T 1215i9 11,5+ 7,1+ a0, 640,
vater R e Tt 2:540,1 | 0,40:0,02 | 1,39%0007 | 2.2%0)1 | 1,i3x0.06
FC-3.3 fill%n with water 3,3+0,2 1,004-0,05 1,7240,08 2,9+40,2 1,46+0,07
Removal of CSR channel — 3,410,2 3,0£0,2 3,540,2 —
with water

Measurements with the Full Reactor Charge, After
carrying out the experiments on the assemblies, the reactor
was loaded completely with fuel channels filled with water, A
total of 217 FC-3 and 56 channels with 3,3%-enriched uranium
(FC-3.3), which were installed in the peripheral cells of the
active zone, were loaded into the reactor, The reactor was
compensated at a minimally controlled power level by the
total insertion of 40 manual control rods (out of 48) and 4 auto-
matic control rods were located in the central position, In
this state of the reactor, the efficiency of all the standard
geram rods (8 rods) was Ak/k = 1,3 . 1072, which coincided
satisfactorily with the design value of 1,24 . 1072, On raising
the scram rods and all the inserted manual control and auto-
matic control rods, the subcriticality of the reactor was equal
to Ak/k = -1.1 - 1072, The value obtained for the total reacti-
vity reserve of the reactor (Ak/k = 0,110, 015) coincided with

| | ] ]
2 40 . 60 -4 rem the calculated value.

&, , relative units

485

Fig. 5. Dependence of the neutron flux In the Bilibinsk Nuclear Power Station, reduction of the
on the distance to the manual control water density in the fuel channels leads to a drop in reactivity,
rods, ‘ ' It was determined in the experiments that the complete re-
moval of water from all of the 273 fuel channels reduces the

reactivity of the reactor by 3,1 - 1072, The corresponding calculated value is Ak/k = 2. 75 + 1072, The
experiment showed that water in the fuel channels at 30-50 cm distant from the boundary of the active zone
and located in regions where there are no control and safety rods, has the greatest efficiency. The change
of reactivity on removal of water from the fuel channels is due mainly to an increase of neutron leakage
from the reactor, Analysis of the results of measurements of the efficiency of the rods in the case of a
~complete loading of the reactor with fuel channels without and with water, shows that the efficiency of the
first case is greater by a factor of 1.4 approximately than in the second case. The removal of water from
the tubes of the control and safety rod channels leads to a small increase of reactivity of the reactor, This
effect was measured when the reactor was loaded with fuel channels without water, and fuel channels filled
with water (Table 4),

The data given show that the efficiency of water Ak/k in the control and safety rod channels depends
on the position of the absorbing rods in these channels and the presence of water in the fuel ‘channels. In
the control and safety rod channels, the efficiency of the water on withdrawal of the rods, is higher by a
factor of 1,4 approximately than in channels with inserted rods. ' :

During operation of the reactor at 100% power (62 MW), the average water dens ity in the fuel channels
is~0.6g/cm?and ~ 0.9g/cm? in the tubes of the control and safety rodchannels. As, atthe startofthe run, the
number of control and safety rod channels with inserted rodsis 30 (outof 60), the overall increase of reactivity as
a result of the complete removal of water from the control and safety rod circuit in this case amounts to

3.5+ 10-%,
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The increase of reactivity by the removal of water from the control and safety rod channels is
caused mainly by a change of the multiplication properties of the active zone, The efficiency of the rods
in this case is changed only very insignificantly, The effect of water in the control and safety rod channels
on the efficiency of the rods was investigated for both complete loading of the reactor and by the critical
assembly II, With complete loading of the reactor, no effect of the water in the control and safety rod
channels on the efficiency of the rods was detected, within the limits of measurement error (:5%), On
assembly II, measurements were conducted in the control and safety rod channels (12-06 and 12-04),
located in the reflector at distances of 40-80 cm from the boundary of the active zone of the assembly.
The measurements showed that, in this case, the presence of water in the tubes of the control and safety
rod channels reduces the efficiency of the rod by 8-10%.

The effecté of reactivity on the setting up of the fuel channels (FC) and the control and safety rod
channels were measured in cells of the eleventh row (see Fig, 1, a) for two states of the reactor: with

~ the FC filled with water and without water (Table 5), The effects being considered are significantly dif-

ferent for different cells which is due, in the first place, to the shape of the neutron field and to the
presence of lattice inhomogeneities created by the control and safety rod channels, On loading the reactor
with fuel channels with water, the arrangement of fresh FC-3 (with water) increases the reactivity of the
reactor on an average by 6,4 + 107%, and the arrangement of FC-3,3 by 7.9 * 10™, 1In this state of the
reactor, the increase of reactivity on fillinganFC-3. 3 channel with water is greater by a factor of 1,4
approximately than on filling an FC-3 channel with it and the replacement of one manual control channel by
anFC-3channel increases the reactivity of the reactor by 9.2 + 10™ on an average, Replacement of FC-3
by FC-3.3 gives the least gain of reactivity in the cells located in the row with the control and safety rod
channels and in the peripheral cells with two faces adjacent to the side of the reflector,

The neutron flux over the height of the reactor and along the radius near the manual control rods and
the empty cell was measured with miniature fission chambers when the reactor was loaded with fuel chan-
nels without water, The measurements showed that when 8 absorbing rods are in the active zone in the
central position (up to 4 scram rods and manual control rods), the neutron flux nonuniformity coefficient
in the region of the active zone located around these rods and over the height K, is equal to 1,50, Even
when there is no rod in the intermediate position in the zone, K, =1,34, These results confirm the design
data concerning the significant increase of K, in the presence of eight or more absorbing rods in the
intermediate position in the zone, Measurements on the reactor showed also that the insertion of manual
control rods into the zone reduces the neutron flux in the fuel channels located in series with the rod
approximately 18% (Fig. 5). The presence of an empty cell leads to an increase of the neutron flux in the
fuel channel adjacent to it by 7+ 3%.

The misalignment of the neutron flux in the fuel elements of the fuel channels located in a cell, which
was situated between an empty cell and a cell with an inserted manual control rod, was determined experi-
mentally, The maximum difference between the neutron fluxes in the fuel elements of this channel amoun-
ted to 8 £2%,

Monitoring of the Energy Release in the Fuel Element Channels, A system for monitoring the heat
release in the fuel channels is provided in the Bilibinsk Nuclear Power station, consisting of 24 rhodium
sensors for the neutron flux [3], The sensors are connected to an interpolating device and their currents
are recorded by a multipoint pen-recording potentiometer, In addition to this, the energy release in the
fuel element channels can be determined by measuring the efficiency of identical sections of the manual
control rods as described in [4]. In these methods, the energy release in each fuel element channel is
determined by linear interpolation of the neutron flux values at the measurement points and by the intro-
duction of coefficients which take into account the change of the neutron flux in the vicinity of the command
and control rods, empty cells and at points of installation of peripheral sensors, and also the uranium
enrichment in the fuel element channels, In determining the energy release by the efficiency of sections of
the manual control rod, a coefficient defining the reduction of the neutron flux at the periphery of the active
zone also is used. In order to refine the values of these coefficients, the neutron flux was measured in all
fuel element channels and at points of location of the sensors for monitoring the heat release, with a full
reactor charge of fuel element channels without water, by fission chambers. On the basis of these mea-
surements, values of the coefficients were chosen for which the values of the neutron flux in the fuel
element channels obtained by linear interpolation, differed to the minimum degree from the values obtained
by direct measurement in these fuel element channels,
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For the coefficients chosen in this way, the mean-square error in determining the energy release
in the fuel element channels by means of the regular system of monitoring the energy release amounts to
+7%, and by measuring the efficiency of sections of the manual control rods it is +5%. The small error is
due to the fact that the number of manual control rods is greater by a factor of two than those of the
energy release monitoring sensors, With the combined use of both procedures, the error is reduced to 4%,

Measurements during startup showed that the principal physical characteristics of the reactor of the
first unit of the Bilibinsk Nuclear Power Station correspond with the design values, The planned control
and safety rods provide compensation of the reserve of reactivity equal to 11% and create the required
subcriticality for the safe startup of the reactor, Therefore, the introduction of any corrections to the
loading record chart of the active zone and to the reactivity compensation system is not required,

By means of the manual control rods, the energy release field along the radius of the reactor can be
smoothed, The coefficient of nonuniformity does not exceed the design value of 1.5. The reactor has a
negative steam reactivity effect, which makes its operation stable and safe,

In conclusion, the authors express their sincere thanks to all staff of the Bilibinsk Nuclear Power
Station, participating in the preparation and execution of the physical startup,
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BOOK REVIEWS

V. G, Zolotukhin, L. R. Kimel"’,

A. 1. Ksenofontov, et al.

THE RADIATION FIELD FROM A POINT UNIDIRECTIONAL
SOURCE OF GAMMA QUANTA*

Reviewed by B, R, Bervgel 'son

In order to calculate the effects due to the interaction of y radiation with a substance, namely the
quantity of energy released, dose intensity, instrument readings, biological effects, etc, it is necessary to
have available comprehensive data on the space-energy and angular distribution of the radiation in every
specific case, However, the problem of determining the y-radiation spectrum presents considerable com-
putational difficulties. Even modern computers, in many cases cannot provide the required volume of
calculations. An alternative for carrying out the cumbersome calculations is a procedure in which the
required spectra can be set up by means of tabular data obtained for elementary sources, A point uni-
directional source can be considered as the most elementary source, the radiation field of which has
maximum information content. In the light of this approach, and also taking into account the applied nature
of the problem, the monograph by V. G. Zolotukhin etal.should be considered; this is devoted to the com-
putational-experimental investigation and tabulation of spectral data from point, unidirectional y~radiation
sources in an infinite medium, The book consists of six chapters. In the first chapter, definitions are
given of the principal characteristics of the sources and field and also methods of transforming the spectral
distribution,

The methodology for the experimental study of the energy and angular radiation spectra of a point

_ unidirectional source is described in the second chapter.

The authors pay particular attention to problems associated with the possibilities and special features
of the use of the Monte Carlo method for calculating the transfer of y radiation to large distances from the
source, These sections are written in a condensed form and, in contrast from others, postulate defined
skills and knowledge of the subject by the reader.

In the fourth chapter, the results are given of calculations of the differential characteristics of the
radiation field of a point unidirectional source, and also data on the spectra, energy flux, absorbed
energy and dose intensity for infinitely homogeneous media of H,0, Al, Fe, Sn, W, Pband U for source
energies of 0,1 to 10 MeV,

The present monograph is a unique publication in the diversity of the information given in the section
on the characteristics of the y-radiation field of a point unidirectional source,

In the sixth chapter, data are given which are essential for engineering calculations on building
factors of scattered y radiation for anisotropic point sources, Unfortunately, the authors have confined
themselves in this section to only a single medium — water, although the necessary data for other media
also were available.

In conclusion, it should be emphasized that on the whole, the problem of finding the spectral distri-
bution of scattered y radiation can be solved only by improvement of the appropriate algorithms and pro-
grams for machine calculations. A knowledge of the entire problem for studying a unidirectional point
source is scarcely feasible, in consequence of the diversity of the parameters of the source-medium-
detector system, the complexity of presentation of the information in compact form and time consumption

*Atomizdat, Moscow, 1975,

Translated from Atomnaya Energiya, Vol, 39, No. 1, p. 8, July,1975.
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for reconstruction of the spectra, However, for the simplest case of point and surface anisotropic
sources and a homogeneous infinite medium, this approach is competent and undoubtedly useful,

The book reviewed will be used widely by engineers and scientific workers in their practical
activities,
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ARTICLES

SOME PROBLEMS OF THE ECONOMICS OF A RESEARCH
NUCLEAR REACTOR

V. 1., Zelenov, S. G. Karpechko, o UDC 621,039,55003,12
and A, D. Nikiforov ' .

Recently, more attention is being paid everywhere to problems of the economics of a research nuclear
reactor and the planning of experiments on it [1-6]. Procedures are considered in the papers for estimating
the cost of an experiment on the reactor and certain efficiency indexes for its utilization, In determining
the cost of the experiment, the total reactor costs are distributed between the experiments proportionally
with the efficiency of the experimental apparatus {1], depending on the product of its volume and the neutron
flux,

This approach to the distribution of expenditure, in our opinion, is in need of refinement, For ex-
ample: part of the total reactor costs, depending slightly on the power, is more suitable distributed
equally between all experiments and the remaining part, which is directly dependent on the reactor power,
is more suitably distributed proportionally with the efficiency of the experimental facility,

In this paper, a procedure is proposed for assessing the cost of an experiment on a research nuclear
reactor, taking account of this refinement, In addition, an attempt is made to explain the effect of the
index of efficiency of utilization of a research reactor (in particular, the power utilization factor and the
average operating power) on the cost of neutronsin the experimental facility,

Procedure for Assessing the Cost of Experiments

on a Research Nuclear Reactor

We define the total costs on a research nuclear reactor in the following way:

Etotal =Econ5t“_*‘ Evar 1)

where Etgtal is the total annual expenditure on the reactor; Egonst is the constant component of the total
expenditure and E,y is the variable component of the total expenditure,

We relate to the constant expenditure, those costs which depend only slightly on the reactor power :
Econst= I':am'!"__Esal +Eine +Eadmr 2)

where E,,, is the annual funding of amortization deductions on production buildings and poLwer plant; Egq)

is the annual funding of working salaries of the staff; E; ¢ is the expenditure on the energy requirements for
the intrinsic needs of the reactor and Eyqyy, is the expenditure on salaries of the administration—manage-
ment staff. We relate to the variable expenditure, the costs which depend directly on the power, in partic-
ular the fuel costs :

Eyar =qT(§f]Vkpuf8760, @)
where q is a coefficient which takes into account the consumption of fuel in the generation of one unit of
thermal energy; Cy is the specific fuel costs in manufactured products; ¢ is the relative average burnup of
the discharged fuel; N is the average operating power of the reactor and kpuf is the power utilization factor
of the reactor, defined as the ratio of the time of operation of the reactor at any level of power to the
calendar time,

Translated from Atomnaya Energiya, Vol. 39, No. 1, pp. 9-11, July 1975, Original article sub-
mitted August 8, 1974, '
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The cost of an experiment is determined by both the constant and variable components of the total
expenditure on the reactor, As the constant component depends only slightly on the reactor power, then
‘it should be distributed equally between the experiments without taking account of their individual charac-
teristics (volume of the experimental facility, and the neutron flux in it), This distribution allows the
minimum cost of an experiment in a given reactor to be obtained, We shall call it the support cost, The
distribution of the variable component of the total costs between the experiments, which is proportional to
their efficiency, allows individual special features of the experimental facility to be taken into account and
the supplementary cost of the experiment to be obtained, We shall call this the physical cost, Thus, the
total cost of the experiment will be determined by the support and physical costs

Taking account of what has been said, we write the total cost of a specific experiment on the reactor
in the following form:

" E E o
Ce.i— const+ Vir (DiSiy (4)

where Ce, i, is the annual cost of the i-th experiment; 3—1 is the unperturbed specific neutron flux in the cell
of the active zone, intended for installation of the experimental apparatus [1]; 8; is the working surface area
of the experimental facility (immediately adjoining the active zone). Here, in place of the working volume
in the expression for the efficiency of the experimental facility [1], the working surface is used, which
equates the degree of effect of the physical (neutron flux) and geometric (diameter of the experimental
facility) components of the efficiency, to the cost of the experiments,

Cost of Neutrons in Experimental Facilities

From the cost of an experiment in the reactor and the number of neutrons created by the reactor in
the experimental facility during the year, it is easy to determine the cost of the neutrons for a given ex-
perimental facility:

Co i
C '=—-—_———_e.L__ . 5
TS Napuf8760 - )

where Cy ;_ is the cost of neutrons in the i-th experimental facility. With calculation (4)

Co.i= Econst + qCf i (6)
T Ny 87608,5; o = _
kpuf: ‘ 2 D;8; -
1=1

The structure of the neutron cost is determined by the structure of the cost of the experiment, The cost
of the neutrons also has two components:

Econst

fLconst  pNk,,87600,S, M

Cnivar=—(——- (8)
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This definition of the neutron cost shows that, in experimental facilities of a different type (channel in a
ncatcher," in the heat release assembly, in the reflector and beyond the reflector),it is different, The
constant component of the neutron cost in the i-th experimental facility depends on the utilization ef-

ficiency index of the reactor (N, kpuf) and on the characteristics of 'tlhe experimental facility &, S;) and

the variable component depends on the productivity of the reactor i; &; S;, on the fuel costand the depth
of burnup of the discharged fuel. Let us consider the effect of the utilization factor of the reactor on the

cost of the neutrons in experimental facilities.

Simple mathematical transformations show that :

AN
flgn..i.___ N _ 1 _ , (9)
Cn. i 1t AN (H— Ecar  @;5; )
N Econst ®iS:

where & Sj is the efficiency averaged over the entire experimental facility; ACp, i, /Cy_i, is the relative
reduction of the neutron cost in the experimental facility for a relative increase of the average operating
power of the reactor by AN/N with change of the other reactor characteristics.

Figure 1 shows the dependence of ACy, . /Cp, i, on AN/N for various ratios of Eyar/Egonst with con-
stant value of & Si/4; S; = 1.0. It follows from the figure that the maximum effect when the average reactor
power is increased is achieved with small values of the ratio of these quantities,

The absolute magnitude of the economic effect, when the average power of the reactor is increased,
amounts to '

ANIN
AC=Econg — AN - (10)
J N

Consequently, the nature of the dependence of AC/E et On AN is identical for all reactors, and the

"economic effect is determined by the constant component of the reactor costs, other parameters being con-

stant (¢, Cy, %, Si). It is obvious that an increase of the reactor utilization factor gives an economic

effect which is determined by the expression:

- Akpuf /kpuf
AC=Feonst 1+ Akpuf kpuf

The graph.of the dependence of AC/E ¢ On Akpuf/kpuf for all reactors will also be identical.

Thus, in the case of costs distribution according to the proposed procedure, the concept of the sup-
port cost of the experiment is introduced (defined by the constant component of the cost and the number of
experimental facilities), which is the minimum cost of the experiment in the reactor. It is obvious that the
cost of any experiment on a research reactor cannot be lower than the support cost, It has been shown
that the ratio of the variable and constant cost components on the reactor, depends strongly on the re-
duction of the cost of neutrons in the experimental facilities with an improvement of the utilization efficiency
index of the reactor. In particular, it is most advantageous to increase the power characteristics of the
reactor with respect to the variable and constant cost components within the limits of 0.1 to 0.5.

The economic effect, when the utilization efficiency index of the reactor is changed, depends gnly on
the constant component of the costs and is independent of the other reactor characteristics (¢, Cg, ®is S;).
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BOOK REVIEWS

A. A. Vorob'ev, B. A, Kononov,
and V, V, Evstigneev

BETATRON ELECTRON BEAMS *

Reviewed by P, S, Mikhalev

Interest in accelerators as radiation sources for medicine, biology and industry continues to grow,
One of the simplest and cheapest of the accelerators in operation over the range of energies 5-50 MeV is
the betatron, which has been in series production for many years, The authors have attempted to eluci-
date the buildup of experience in relation to the characteristics of electron beams during injection, accele-
ration and, mainly, their extraction and utilization,

There are five chapters in the book., The first two are devoted to the theory of the classical betatron
with a time-variable azimuthal-symmetrical magnetic field, and the dynamics of electrons on injection and
during acceleration,

In the third and fourth chapters, various methods are considered for extraction of the electron beam,
problems of stabilization of the electron beam parameters and instruments used during operation with the
beam,

Problems of the practical application of betatronelectron beams are described in the fifth chapter,

The authors have attempted to cover a quite wide circle of problems involving the motion of the elec-
tron beam in the betatron, The principal value, in our opinion, is the experimental data assembled during
the construction and operation of the betatrons inthe Tomsk Polytechnical Institute and the engineering
approach developed for the construction of beam extraction devices, The third and fourth chapters com-
prise the basis of the book, However, these data are discussed very concisely and the theoretical part
preceding it (chapters 1 to 3) is, in essence, an account of other well-known manuals on the theory of the
betatron, Itwould be more valuable to give examples in more detail of the practical application of theory
in approximate engineering calculations., The fourth chapter is overloaded with data which could be the
subject of a separate and detailed consideration (this refers, first and foremost, to the sections on detec-
tion and spectrometry, where only a brief listing is given of the methods and instruments for beam diag-
nostics).

Unfortunately, future improvements of the betatron beam characteristics are considered almost not
at all in the book. It is true, the authors make an attempt to describe, from their point of view, future
trends in this order: a betatron with a constant guiding field, a betatron with a spiral magnetic field, the
application of superconductors, linear induction accelerators and a plasma betatron, Consideration of the
prospects, in essence, reduces to the listing mentioned. However, a linear induction accelerator has
been used for a long time in a number of investigations and, on the basis of the experience built up, judge-
ment. on the prospects for its utilization can be justified; an induction cyclic accelerator with a constant
field, well-studied theoretically and on model experiments, permits the beam intensity to be increased by
comparison with the normal betatron by an order of two to three, and now it should be possible to assess
the prospects for its utilization, The other trends listed are in the experimental stage (plasma betatron)
and the first theoretical proposals (spiral field), and no reference would be made in this book,

Despite the shortcomings mentioned, the book can be useful to specialists in the development of beam
extraction devices for betatrons of various applications, Moreover, the bibliography contained in the book

*Atomizdat, Moscow, 1974,

Translated from Atomnaya Energiya, Vol. 39, No.1, p. 11, July, 1975.
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(126 references) and the brief description of the experiments enables those so desiring to become
acquainted in detail with the work carried out in this field,
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ARTICLES |

SYNTHESIS OF A DIGITAL SYSTEM FOR CONTROL OF
NEUTRON FLUX DISTRIBUTION

E. V. Filipchuk, P, T. Potapenko, UDC 621,039,515
V., G, Dunaev, N, A, Kuznetsov,
and V., V., Fedulov

‘In recent years, data-transmission and data-handling systems based on "objective™ computers are
being used ever more extensively at nuclear power stations, The traditional path for computer use is the
creation of a system of centralized control followed by its use as an "adviser™ with the possibility of per-
forming certain control functions in proportion to the accumulation of operating experience, It is consider-
ed that one of the basic automatic control functions of such a system is control of the distribution of energy
release in the core, /

We discuss several problems involved in the construction of a control system for a neutron field using
an objective computer,

Formulation of the Problem, For spatial control, we divide the reactor into m control zones with a
detector and control rod in each zone, We introduce the local neutron fluxes ¢; and the settings (p The
aim of control is minimization of the quadratic quality index

N
Ly= 2. 1¢°(n7)— @ (n])}" [g" (n]) — @ (n).

In contrast to [1, 2], we consider here fast motions of the system for a reactor with a stable power
distribution, For a formulation of the problem, one can assume that the iodine and xenon concentrations
are independent of time and the dynamics are satisfactorily described by a one-group diffusion equation.
It is further assumed that the total power is stabilized by a supplementary high-speed automatic control
system or by internal effects.

A Block diagram of the control system is shown in Fig, 1. Here, the Djare intrazone neutron flux
detectors; K are commutators which provide a connection between the computer and each channel; the DM;
are constant-velocity drive mechanisms,

2(x)

Ny TSN h_F={ #e %

_ Fig, 2, Structural diagram of pulse-
Fig. 1, Block diagram of control system, height system.

r=———"="=="

Translated from Atomnaya Energiya, Vol. 39, No. 1, pp. 12-16, July, 1975. Original article sub-
mitted June 13, 1974,
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Fig. 3. Dependence of threshold amplification factor of an open circuit on quantization time:
—) one channel; ---) two channels,

Fig. 4. Transitional processes in the syStem parameters:T = 1,4 sec;rate of inh:oducﬁon 6f
reactivity, 1.7°10~% sec ™; static accuracy, 0,5%; correction coefficientb=0(a), 1 (b), and
2 (o).

A feature of this system is that the control computer, or machine for centralized control, is included
in a closed control circuit, i.e,, the controlled coordinates are quantized with respect to time and level,

Introducing the appropriate lattice functions and considering that each of the m control channels is
connected by commutators to the computer in a definite time period ¢ = T/m after the (m—1) -th channel
(quantization time T is identical for all channels), we obtain a structural scheme for this multi-dimensional
relay, pulse-height system (Fig. 2), Here, W(q, €) is a matrix of transfer functions for the continuous por-
tion shown, which joins detectors, drive motors, and object of control; x,f, and ® are m-dimensional vec-
tors for error, external effect, and characteristics of nonlinear elements,

We assume that the digital control device, which is realized with a specialized or general-purpose
computer, has a sufficiently large digital mesh and therefore quantization with respect to level in the com-
puter can be neglected in the calculation,

Stability. Since the range of possible perturbations is ordinarily rather large, there is particular
interest in a study of the absolute stability of this system,

We use theorems on absolute stability [3] for analysis of the stability of multiply-connected nonlinear
-pulsed systems. This method is similar to the well-known Popov method for the determination of the stab-
ility of continuous nonlinear automatic systems and yields results which are associated with the concept of
frequency response; what is more important, the method yields general sufficient conditions for stability

which are applicable to systems of arbitrary order in this class,

Note that the frequency criteria yield only sufficient conditions for absolute stability, However, these
qualitative results are extremely useful in the initial design stage of the system,

We consider an autonomous multiply-connected pulsed system (see Fig. 2). The system has m non-
linear (in this case, relay) elements. @; (xj) is the output of the i-th nonlinear element; the input is the _|
i-th component of the vector x{n, €], We assume the nonlinear functions belong to the sector (0, K): '

The inputs and outputs of the nonlinear elements are connected through linear filters which, by as-
sumption, are observed and controlled, Their transfer functions Wi;(q, €) are the elements of the trans-
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fer matrix W(g, ¢), For the class of systems being éonsidered, each linear filter is assumed at least
stable in the limit, i.e., having all poles within the unit circle in the plane of q with the exception of a
simple pole at led =1 (q is a parameter of a discrete Laplace transformation),

It should be noted that the number and location of control rods ordinarily fixed and limited by safety
considerations, For large reactors, the spacing between them is, as a rule, cons iderably greater than
the neutron diffusion length and the coupling between control channels is weak. In practice, therefore,
consideration can be limited to two neighboring control chammels for localized and limited perturbations of
reactivity,

We write an equation with respect to the output coordinates zi[n, €] for a two-channe] sytem with
input disconnected in the form of a discrete Laplace transformation:

9

z;i[q. e] = :! Wiily, e—e; @5 {x;lq, g;ol},
i=1, 2. 1)

Here, Wij[q' €] is a representation in the sense of a discrete Laplace transformation of the effect of the
j-th input perturbation on the i-th output coordinate,

Setting €,=0,we wrife the transfer matrix of the system in the form
Wilg, 0] Wilg, —eg
Walg, el Walg, - 0] v
e=1,2. )
As an example, we assume the neutron flux is measured by direct charge detectors with known

dynamic properties; reactor dynamics and internal coupling characteristics were determined on the basis
of the nodal adiabatic model [5], Because of channel identity, we have

Wig, e]=

Witlg, 0] = Wy lg, 0= W, (g, O]; Wislg, —e]=e""Wy lg, €]l =e""W,(g, &]. ' 3)

On the basis of [3] one can then formulate the following sufficient conditions for absolute stability of this
system:

[Re (.

—1

) 1 (Jo, 0)+—,1c—>0; @)

2
= 10;) w1 (o, 0)] —

—0,25 (1 —1 oc) e-RW3 (jo, €)+
_ _ 2
41 4 (1 —e@) o] W5 (— jo, )| >0,
V(0 LoLn). : (4a)
Setting a=0 (see [4]), we obtain the simpler forms
Re W3 (78, 0)+ - >0, | . (5)

[Re W1(jo, 0)-+4]" —0,25 W3 (i, &) e+
+Wi(—jo. e) >0, V(0<LoLn). 2

Criteria of the form (4)-(5a) are reference criteria for the analysis of the absolute stability of this
two-channel system,

The algorithm for the determmatlon of the sector_of absolute stability (0, K) is the following: on the
set 0<w<n we seek mm Re W1 (jv) with mm Re Wi* (Jw) = 1/K when a =0 according to Eq. (5), where Kis the

upper bound of the sector of absolute sfablhty The next step is to check for satisfaction of condition (5a);
if it is not satisfied, the sector of stability is reduced by an amount A and the procedure repeated. = After
a boundary K for the sector of stability which satisfies the criterion for o =0 is found (this result cor-
responds to the Tsypkin criterion), the computational process is repeated for a series of values of o,
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From the resultanf set of values K(¢), a maximum is selected which is also the desired value for the upper
bound of the sector of absolute stability [3].

For given parameters of relay response, the quantity K is defined as the ratio between amplification
factor and static accuracy, Thus, for a given static control aceuracy, the value of the amplification factor
for an open circuit is assocma'ﬁed w1th the upper limit of the sector of stability by the obvious relation Kamp
= K6, .

Figure 3 shows the region of stability in the space of the parameters Kam {amplification factor for
an open circuit) and T (time quantization) for the curves 1 and 2 plotted with reSpect to the criteria (4)-(5a)
respectively, The numerical values of the parameters of the reactor model are: power feedback factor
Ky =B, time constant Ty, =3 sec, and coupling coefficient K,=0.3. A system is absolutely stable for para-

..meter values falling below the correspondmg curves, The figure also shows results calculated for a single

© +:channel in this system,

1t should be noted that the results obtained with the first criterion give less stringent limitations on
the characteristics of the part shown because of consideration of additional limitations on nonlinearity.
At the same time, however, improvement of the criterion considerably increases the computattonal
difficulties,

The curves obtained not only make it possible to compare the two criteria with respect to accuracy
and volume of computation but are also important reference data for further system design,

Quality of Processes, It is of interest to consider the quality of the processes in the system, i,e,,
to establish a relation between the parameters of the selected control law and the process indicators (con-
trol time, degree of hunting).

Correction in pulsed systems which is used for improvement of the accuracy and qualtiy of control
processes is achieved in various ways. Correction based on first differences, which is equivalent to
correction with respect to the derivative in continuous systems, is quite effective.

In this case, the computer control device forms the following sequence of signals in the drive mech-
anism, .
m; [nT] = z; [nTV +b{z; [nT]—2: [(n—1) T},

where b is the amplification factor with respect to first differences,

Process quality is ordinarily studied approximately by means of indirect evaluations, Another, and
-very cumbersome, method is the construction of an exact solution of the equations describing a given con-
trol system, The method of state space, which is the basis of modern control theory, permits algorith-
mization of the problem and considerably simplifies the solution procedure.

We consider a linear stationary discrete system described by a set of linear differential equations of
first order with constant coefficients in vector form [6],

vy :
A=AV (), (6)
where A=t=nTand 0 < A =<T, :

The state vector: includes input variables and process variables as components, The initial condi-
" tions for the differential equation of state (6) can be written in vector form,

V (nT* =BV (uT). )
This equation describes the ctnnge of variable states at the time of quantization,

Applying the direct Laplace transformation to Eq. (6), we obtain
‘ sV (s)= AV (s)+ V (0*); _
V (s) = [sE—A]"' V (0%). 6]
We then obtain a solution of the differential equation of state in the form

V()= H V0", ©)
where

@ (M) =1 [sE—A]. (10

583

Declassified and Approved For Release 2013/09/24 : CIA-RDP10-02196R000400060001-4




Declassified and Approved For Release 2013/09/24 : CIA-RDP10-02196R000400060001-4

In the interval nT <t =+ )T,
V(t)y=D(E—nrT)V (nTY) ' 1y

and, consequently, at the timet=n+1) T v
V (1) = © (t— nT) BV (n7). (12)
Considering Eq. (7), we obtain the state vector V

V(t) = ® (t—nT)BV (nT); , _
Vir41)T1= (T) BY (n]). : (13)

This last equation is a recurrence relation which is used for calculation of successive values of the vari-
able states of the system at the time of quantization,

It should be noted that in a relay system the elements of the transition matrix & (T) differ depending
upon whether or not a control pulse exceeds the insensitivity zone of the relay (i.e., the static error),

Use of the nodal adiabatic model makes it possible to reduce this system in the general case to an
assembly of m uniform channels [5] with noninertial internal coupling, We use the principle of super-
position and consider that in the interval nT ¢ t = (n + 1) T all variables are continuous functions and that the
change in the magnitude of the control action occurs at the time of interruption. It is then possible to
consider the interrelation of the channels at discrete times, which, in turn, makes it possible to build up
processes in this multichannel system by using the variable states for a single channel. For example, the
computational procedure is broken down in the following manner for a fwo-channel system,

1, The initial-condition vector V4 (nT+) for the first channel is determined from the given value of
the vector Vi (nT). Depending on the value of the control action, the corresponding transition
matrix is then chosen and V,{(n + 1/2) T] and V, [(n+ 1) T] are calculated with allowance for the
phase shift between channels.

2, The state vector V, [(n + 1/2)T] of the second channel is corrected in accordance with the value
of the vector V [+ 1/2) T] and the static coupling coefficient, V,[{(n+ 1) T]and V, [(n + 3/2) T]
are found in a manner similar to that used in the first channel using the appropriate transition
matrix,

3. The state vector Vi[(n+1)T] for the first channel is corrected and the procedure then repeated
cyclically, :

From the processes constructed in this manner, the quality index of the system is determined and,
if necessary, the parameters of the control law changed. Transitional processes in this two-channel
system are shown in Fig. 4 for input of a perturbation into channel 1,

In general form, the algorithm for synthesis of this system is the following, For given dynamic
properties of the system, the region of stability in the space of the parameters K and T is constructed.
Acceptable values of K,,,,, and T in the region of stability are selected in accordance with the required
static accuracy and imposed limitations,

Depending on the value of the correction coefficient, a family of transitional processes in the system
is then constructed. As a rule, the criterion for the required process quality in the system is the provi-
sion of the necessary control time with minimum number of motor startups. The parameters Kamp» T,
and B of the control law are determined through the iterative procedure.

., CONCLUSIONS

A method for calculation of a control system for a neutron field based on an objective computer is
proposed in general form,

The criteria used for the study of absolute stability are applicable to systems of any dimensionality
and of arbitrary structure, The Tsypkin criterion is mainly used in the analysis of multidimensional
systems in order to reduce computational difficulties,

The method described for the study of process quality in a system, which is based on the method of
state space, in conjunction with the nodal adiabatic model of a reactor makes it possible to take into
account precisely the various limitations thereby preserving the low computational order of the problem,
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The proposed method for synthesis of multidimensional pulsed systems for reactor control can
easily be put in algorithm form and does not require a large amount of machine time,
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ABSOLUTE MEASUREMENT OF THE RADIATIVE CAPTURE
CROSS SECTION OF 23y FOR 30 keV NEUTRONS

Yu. G, Panitkin and L, E, Sherinan UDC 539,125.17

The radiative capture cross section of 28y for neutrons is interesting because it is one of the most
important nuclear constants in the design of fast breeder reactors, 1t is especially important to make an
absolute measurement of the radiative capture cross section of 238y for neutrons, However, the discrep-
ancies befween the results of different authors sometimes exceed the error limits cited in [1-3]. The aim
of the present article is to describe an absolute measurement of the radiative capture cross section of
88U for 30 keV neutrons,

The source of neutrons was the reaction 7Li(p, n)"Be. The measurements were made in an electro-
static accelerator with maximum proton energy of 2,5 MeV. The radiative capture cross section for
neutrons was determined by an activation method, and the neutron flux by the method of concomitant
activity for 477 keV gamma quanta produced by the decay of "Be formed by the reaction "Li(p, n)'Be, The
induced activity of the 28U specimen was measured by means of the 74 keV gamma quanta produced by the
decay of 2*% . The neutron beam was kinematically collimated into a narrow cone directed forward
relative to the direction of incidence of the proton beam on the target, The energy of the protons was 2
keV higher than the threshold energy of the reaction "Li(p, n)"Be. The mean energy of the neutrons thus
produced was 30 keV, : '

A specimen of uranoso-uranic oxide of 23U, 300 mg/cm? in thickness, was aligned at an angle of
zero degrees to a beam of incident protons and shielded from neutrons scattered in the target chamber of
the accelerator by a cadmium jacket,

To monitor the neutron beam passing through the specimen we used a telescopic system consisting of
flat and coaxial fission chambers with layers of 23U (Fig. 1). This system permits operative monitoring

TABLE 1, Results of Absolute Measurements of Radiative Capture Cross Section of
2815 for 30 keV Neutrons

Ep keV  og #8J, mbarn Notes
30+8 37577 [12] |Activation method. Neutron flux measured by concomitant activity in reaction
- - Trs 7
Li(p, m)'Be.
307 473:£47 [T Time-of-flight method. Results normalized for indium, of which the capture cross

section was measured absolutely with an Sb-Be photoneutron source [15].

30,0 43043 {13] |Spherical experimental geometry. Measured with photoneutran source with neutron
energy of 24 keV. Experimental value of 467 + 46 mbarn was extrapolated to 30
keV using shape of curve in[1]. Correction made as described in [16].

304+-8 479415 [2]  |See first note.
3048 425+31 [1] | Time=of-flight method. Normalized by 6.7 eV resonance.
308 462-£55 [14] | Time-of-flight method. Normalized by means of resonances in the energy range of
a few electron volts.
30+8 528436 [3]  [Time-of-flight method. Normalized by 6.7 eV resonance.
30£6 465::23 See first note.
(Present

authors)

Translated from Atomnaya Energiya, Vol, 39, No, 1, pp. 17-19, July, 1975, Original article sub-
mitted September 9, 1974,
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Fig, 1. Geometry of absolute measurements: 1) coaxial fission chamber 2) 388y
specimen; 3) flat fission chamber; 4) LiF target,

- Fig, 2, Results of absolute measurements of radiative capture cross section of
233U for 30 keV neutrons: e) present authors; m) [1]; a) [2]; ©) [3]; O) [7]; D)
(12]; .A) [13]; X) [14].

TABLE 2, Radiative Capture Cross Sec- . of the pagsage of the neutron beam through the specimen
tion of 238U for Neutrons during irradiation, A "long" BF3 counter was used as an
additional neutron flux monitor, The target current was
monitored by a current integrator,
Ep, keV o mbarn Ep, kev ¢, mbarn yacu gr
. ( We investigated the sputtering of the target material
2448 500-+27 under the influence of the beam of incident protons, and
o= P 120043 94,8 chose measurement conditions in which no sputtering
45+8,5 | 3M=+19 1 30045 80::4,3 co obs within experimental error (< 0, 54
joxs isis 120050 ggig’ﬁ uld be observed within the experimental e r (< 0.5%).
00454 +2, - v .
?g_l_:ig,s 3(7)2:?}2 ;Sooim 3921 The background of neutrons which were scattered in
8511 24013 220061 32+1,8 m m .
oosits | 205510 5 500167 Set1's the acce}erato_r target chzjl per was easuret'i by putting
125£12,5 | 181+9 280073 21+1,3 the specimen in the flat fission chamber outside the cone
145+13,5 | 165+8,5 300078 18-1,1 o
20013 145375 | 350094 16015 | of neutrons, and was found to be about 0.1% of the mea-
250+19 | 132+6,8 4000110 13-1,1 sured effects,
300-£19 122+6,3 50883:%2 6 gi%,(‘l) . o .
000+ ,8-+1, sooe P .
gggi;gfw ﬂ)léig,s 2000“60 5801’1 . T;le activity of the target and the activity induced
60034 108+5,6- 15888+;88 33%? in the 28U specimen by neutron capture were mea-
_T +1, - s s
,7388233 iiéi_rtg’g 12 000;260 3,7+1,3 sured by means of a Ge(Li) detector, The efficiency of
90036 1166 18000+235 | 3,3+1,2 . the detector for measuring the induced activity of 2%y
100039 109-£5,7 1 19000250 | 2,941,4 ) _
1100+41 106-5,5 | 20000285 3,421,9 was determined by means of a 47 g ~counter. For this
urpose, specimens of impoverished 238U were irradiated
purp p p

in the neutron flux from the thermal column of a BR-10
reactor, To avoid possible resonance self-blocking and self-screening, we used a specimen of "zero"
thickness, i,e,,oneforwhichthese effects are negligible(< 0.,6%). Specimens of zero thickness (defined in
this way) were irradiated and then measured with a Ge(Li) detector in the 47 5 -counter. For the measure-
ments with the Ge(Li) detector the specimen thickness was 0, 66 mg/cm?, and for the measurements with
the 47 g -counter it was 0,2 mg/cm?,

To convert the measured activity of the zero-thickness specimen to that of a spécimén 300 mg/cm?
thick, we experimentally determined the absorption coefficient of the %U specimen for 74 keV gamma
quanta; as a result of the measurements we made the appropriate correction,

The measurement geometry for the zero-thickness specimens was the same as for the 300 mg/cm?
specimens,
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The results of the determinations in the 47 g -counter were processed with the following principal
corrections: a correction for the count from the fission products of ¥U (0.05%), corrections for self-
absorption of beta particles in the specimen (0,1%), and corrections for accumulation of 239Np in the test
specimen (1,29%). |

To measure the activity of the LiF target, the efficiency of the Ge(Li) detector was determined with a
4n B-counter for 412 keV gamma quanta due to decay of 138Au, The geometry for measuring the activity
of %®Au in a Ge(Li) detector was the same as for measuring the activity of the LiF target. The relative
variation of the efficiency of the Ge(Li) detector with the gamma quantum energy was determined between
380 and 620 keV from the cascade of gamma quanta formed by decay of M™Zn, From the experimentally
measured energy dependence of the detector efficiency we found a semienipirical relation between the
efficiency of the Ge(Li) detector and the gamma quantum energy in the given range [4]. As a result, the
efficiency of the Ge(Li) detector for 477 keV gamma quanta due to decay of "Be was calculated from the
measured detector efficiency for 412 keV gamma quanta.

In processing the results we made a correction for self-absorption of gamma quanta in the 157 Au
specimen (0, 8%) and for self-absorption of beta particles in the specimen for the 47 g -counter (0,1%).

The radiative capture cross section of 8y for neutrons was determined with the following principal
corrections: a correction for the increase in the gffective specimen thickness due to the finite angle of the
neutron cone (1,3%), a correction for resonance self-blocking (0.3%) [5, 6], a correction for scattering of
neutrons by the structural materials of the apparatus (5%), a correction for the background of neutrons
scattered in the target chamber of the accelerator (0.1%), and a correction for multiple scattering of
neutrons in the specimen (0. 3%) [7, 8. The other corrections made in determining the detector efficiency
are nientioned above,

The principal errors in the absolute measurement of the radiative capture cross section of B8y for
30 keV neutrons are as follows: the statistical error of a single measurement (1, 5%); the error in the
value of the efficiency of the Ge(Li) detector in measuring the 281 specimen (2.1%); the error in the
efficiency of the Ge(Li) detector in measuring the LiF target (3.38%); the error in the number of gamma
quanta from disintegrations (0.1% for 1397Au and 1.6% for "Be) [9, 10]; the error due to the correction for
scattering of neutrons in the structure of the apparatus (0,15); the error due to indeterminacy in the half-
lives of 2%%U and "Be (0.5%); the rms scatter in the results of several series of measurements of the
radiative capture cross section of 281 for neutrons (0. _8%); the error due to the correction for self-block-
ing (0.1%); the error due to indeterminancy in the spectrum of the neutrons incident on the specimen (0,2%);
and the error due to indeterminancy in the energy dependence of the radiative capture cross section of
238y for neutrons (0. 8%).

From the measurements we obtained the radiative capture cross section of U for neutrons: it was
found to be 465 + 23 mbarn for 30 = 6 keV neutrons, In Table 1 (faken from {11] and Fig, 2 we give mea-
surements of the radiative capture cross section of 2*U for 30 keV neutrons as found by us and other
authors., As we see from Table 1, the results of most authors have errors of about 7-10% and agree with
the present authors' results within the experimental error, (An exception is the results of De Saussure
[3]. The cause of the marked discrepancy between his results and those of Gibbon [7] and Frike [L4], also
made by a time-of-flight method, is not clear at present,)

The results of the absolute measurements were used to normalize the energy dependences of the
radiative capture cross section of 28y for neutrons as measured previously [L7-20). The radiative cap-
ture cross sections are listed in Table 2 (for E,, = 30 keV the cross section was measured absolutely).

In conclusion we thank B, F, Samylin for helpingv with the measurements,
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HEAT-TRANSFER CRISIS IN A STEAM-GENERATING
TUBE ON HEATING WITH A LIQUID-METAL HEAT
CARRIER (COOLANT)

A, V, Nekrasov, S, A. Logvinov, ' UDC 621.181.021: 621.039.517.5
and I, N, Testov

In order to increase the reliability and operating safety of direct-flow steam generators using sodium
as heat carrier (coolant), it is essential to make a careful study of the thermal state of the tube metal in the
zone in which heat transfer worsens during the boiling of the water., The temperature pulsations of the wall
in this zone may have a decisive influence on the life of the heat-emitting surface by accelerating corrosion
and creating fatigue damage,

The aim of the present investigation was to study the worsening of heat transfer during the boiling of
water in tubes heated by means of a liquid-metal heat carrier, ’

The experiments were carried out in installations of the direct-flow type (Fig, 1), The liquid-metal
heat carrier was pumped through the circuit by means of a circulation pump. After passing the heaters,
one flow of heat carrier was directed into a U-shaped evaporator and a second flow was directed through

an additional heater into the experimental section, From

TABLE 1, Average Values of the Maximum the evaporator and the experimental section the heat
Pulsation Intensities carrier passed into a buffer vessel.
pw, kg/(m? Qg MW/m? 5 mm oy oG The supply water was pumpeq from the deaerator
" sec) : through a heater to the evaporator inlet; the water-steam
30 0.67 06 - mixture (or underheated water) then passed along an un-
730 0,67 0,44 1.3 heated tube 20 mm in diameter, 4,5 m long, and reached
i g’ég (1,:24 ?:g the entrance into the experimental section, The water-
steam mixture was taken out into a condenser through a

throttle valve,

Fig. 1, Arrangement of the experimental apparatus:
1) pump ; 2) buffer vessel ; 3) measuring tanks ; 4)
experimental section ; 5) heaters ; 6) evaporator ; 7)
supply~-water preheater ; 8) GB-351 pump ; 9) supply-
water cooler ; 10) condenser ; 11) deaerator.

oling water

i

Translated from Atomnaya Energiya, Vol., 39, No. 1, pp. 20-23, July, 1975, Original article sub-
mitted April 1, 1974,
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The experimental section (Fig, 2) was made in the form of a
vertical straight-tube heat exchanger of the tube-in-tube type with
counterflow motion of the heat carriers, The water-steam mix-
ture passed from bottom to top along a tube of diameter16 X 3mm
made from St. 20 steel, The liquid metal moved from top to
bottom through an annular channel formed by the outer (diameter
32X 3 mm) and inner tubes, The distance between the inlet and
heat-carrier pipes was 3630 mm,
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The temperature distribution of the liquid metal over the
height of the experimental section was monitored by means of a
set of surface thermocouples,

fPocerees s

. For studying the temperature pulsations in the wall of the
inner tube, sixteen microthermocouples were fitted into the upper
part of the experimental section; they were placed in such a way
as to facilitate measurement of the temperature field along the
perimeter, along the generator, and through the thickness of the
tube wall, '

AT LA AL ATATRAAAY ] ML ST T T AT LA R LTS T R SR L L SRR SRR w

It rterreetastaesie i i s sttt s st s g

The emf of the microthermocouples in the tube wall was mea-
sured with the aid of two single-range potentiometers having a
scale of 0-150°C and a scanning time of 0, 8 sec, The recording-
L paper pulling speeds were increased to 51200 mm/h, The pulling

- mechanisms of the two potentiometers were synchronized. -

The experiments were carried out in the following way, The
rate of heat-carrier flow through the experimental section, the
Fig.' 2. Experimental' section. temperature of the heat carrier at the inlet, the pressure, and the
rate of water flow were kept constant, while the heat content of
: the water at the entrance into the experimental section was smooth-
ly increased until signs of worsening heat transfer appeared in one of the thermocouple-monitored cross
sections of the experimental section, On stabilizing the thermal conditions, all the parameters character-
izing the latter were recorded, as well as the temperature pulsations of the heat-transfer surface,

Experiments were carried out at preséufes of 29, 98, and 147 bar and mass. velocities of 375-2100
kg/(m?. sec). In the region of developed bubble-type boiling the thermal flux varied in accordance with the
law . ’ '

knd
9y =k iy —ts) exp ( — g Z) o

where k is the heat-transfer coefficient in the section of developed bubble-type boiling, ty, is the tempera-
ture of the liquid metal in the zone of worsening heat transfer (b =boundary), C,, is the specific heat, G is
the flow of liquid metal, tg is the boiling point, d is the diameter, and Z is the current coordinate,

An analysis of the results of these investigations shows that, in the range of specific heat flows
characterizing the present experiments, and for a prespecified pressure and mass velocity, the steam con-

. tent at which a worsening heat transfer begins is independent of the specific thermal flux (by way of ex-

ample, Fig. 3b gives the results obtained for pw = 700 kg/(m?-sec) and p = 147 bar), This means that, in
the range of operating parameters under consideration, we are concerned with a heat-transfer crisis of
the second kind [1], and the steam content at which a worsening heat transfer develops should be regarded
as x.

Our present values of x{’),' obtained under conditions in which the tube was heated by the liquid-metal
heat carrier, may be compared with the results of calculations based on the equations derived in [1, 2] :

) 71000 ] ( 8 1015
23, [ (0.920.00344P) )/ 0] (2)**, o
z, =8.92P0.1% (pw) "2, @)

The results of such a comparison are presented in Fig, 3. We see from these curves that for pressures
of 98 and 147 tar our own data agree with the results of Eq. (2), and at 29 bar with those of Eq. (3). This
means that x% does not depend on the form of heating or the manner in which the thermal flux varies along
the tube axis. '
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Fig, 3, Limiting (boundary) steam content as a func-
tion of mass velocity [ —) this paper; —--) and =-~+)
calculations based on Egs, (2) and (3) respectively]: -
a) p= 147 bar; b) p = 147 bar, pw = 700 kg/(mz'sec);
c) p= 98 bar; d) p= 29 bar,

The pulsations of wall temperature accompanying the worsening heat transfer were studied at a pres-

sure of 147 bar and mass velocities of 375, 700, and 1150 kg/(m?.sec), The experimental data relating to
the pulsations were analyzed by methods of correlation analysis [3].

Using an electronic computer, we estimated the mathematical expectation top, the dispersion, the

mean square deviation (intensity) o4, the normalized autocorrelation time coefficient, and the normalized

spectral density S (w),
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Fig. 4, Change in the intensity of the wall temperature pulsations along the
tube for: pw = 375 kg/ (m*sec), p = 147 bar, q, = 0.73 MW/m?,

Fig, 5, Normalized spectral densities of the temperature pulsations at a dis-
tance of 1,6 mm from the outer surface of the tube for p = 147 bar: 1) pw = 730
kg/(mP-sec);-qy, = 0,73 MW/m?; oy = 3.5°C,
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The experiments showed that other conditions being equal the character and intensity of the pulsa-
tions differed according to whether water not quite heated to the boiling point or a water-steam mixture
were fed into the inlet of the experimental section, In the first case the extent of the pulsation zone along the
tube axis was no greater than 40 mm; different modes of heat transfer were able to take place at dia-
metrically opposite points. This indicatesthat the liquid film wetting the tube wall breaks up into individual
rivulets, alternating with dry spots, before vanishing altogether. For points lying at a distance of 1/4 of
the circumference from each other, the results are ambiguous: sometimes the pulsations are sharply
synchronized and of similar amplitudes, sometimes there is only a weak coupling between the pulsating
processes, Apparently a distance equal to 1/4 of the circumference is close to the limiting correlation
length, -

" The intensity of the pulsations and the average wall temperature differ in behavior along the pulsation

.. zone, The pulsations are smallest when the wall temperature corresponds to the temperature in the mode

of developed bubble-type boiling and in the mode of impaired heat transfer. The maximum intensity of the
pulsations occurs for an intermediate value of the wall temperature (Fig. 4). The average values of the
maximum pulsation intensities are shown in Table 1 (0 is the distance from the outer surface of the tube
to the center of the hot junctions of the microthermocouples).

An analysis of the averaged curves of the normalized spectral densities shows that at a distance of
1.6 mm from the outer surface the greatest contribution comes from pulsations at a frequency of under 1
Hz (Fig. 5). On moving away from the inner surface the relative proportion of low frequencies in the
spectrum increases,

On passing a water-steam mixture into the experimental section the intensity and spectral composi-
tion of the temperature pulsations change considerably. In this case the pulsations have a fairly ordered
character; their intensity is much higher than on passing water not quite heated to the boiling point into
the inlet, Thus, for example, for pw = 700 kg/ (mzesec\) andqp= 0.7 MW /m? the intensity is ~ 9°C at 1.6
mm from the outer surface. The spectrum is dominated by frequencies .of the order of 0,2-0.5 Hz. The
temperature around the perimeter of the tube pulsates in synchronism; the length of the pulsation zone
along the tube axis exceeds 80 mm,

_ Since water not quite heated to the boiling point is usually fed into the inlet of direct-flow steam-
generators using sodium as heat carrier, it is important when studying the temperature pulsations in the
zone of impaired heat transfer either to avoid the supply of water-steam mixture to the inlet of the experi-
mental section altogether or else to take special precautionary measures (shorten the feeding section to a
minimum, make it conform to the geometry of the steam-generator tube, ete.).
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X-RAY DiFFRACTION STUDY OF THE EFFECT OF THE
TEMPERATURE OF DEFORMATION IN THE ALPHA
PHASE ON THE QUENCH TEXTURE OF URANIUM RODS
CONTAINING VARIOUS PROPORTIONS OF IRON AND
SILICON '

V.F. Zelenskii, V. V, Kunchenko, UDC 621.039.543: 543.428.8
V. S. Krasnorutskii, N. M. Roenko, '

V. P. Ashikhmin, A, V, Azarenko,

and A, I. Stukalov

After deformation (working) at various temperatures uranium rods containing impurities in various
initial states (e.g., in solid solution or in the form of dispersed inclusions) acquire certain characteristic
forms of texture,

It was shown earlier that such impurities blocked {110} <100> slip processes during the plastic de-
formation of uranium at temperatures of over 450°C {1]. The slip effect only becomes appreciable at
working temperatures-of 600°C, Annealing at 600°C for 24 h after 8 quenching causes the impurities to
coagulate, This has the effect that the contribution of {110} <110> slip processes, leading to the forma-
tion of (110) texture in the plastic deformation uranium, becomes appreciable even for working tempera-
tures of 450°C. Such characteristics of work-induced texture formation may exert a considerable influ-
ence on the mechanism of texture formation after quenching from the gphase [2],

In this paper we shall study the effects of annealing, the temperature of deformation in the « phase
and changes in the iron and silicon content on the texture of uranium rods (bars) quenched from the
Sphase.

Materials and Experimental Method, In these experiments we used uranium of three types, differing
in their iron/silicon impurity ratio, The first type of uranium contained twice as much iron as silicon; in
the second type the impurity contents were equal, while in the third type the silicon content was twice as
great as that of the iron, ’

The maximum content of each element was 0. 03 wt,%. Other impurities amounted to the same per-
centage in each sample (carbon under 0,1 wt.%, aluminum 0, 005 wt.%). According to the conditions of
treatment the original samples may be divided into two groups. Group A comprised uranium bars obtained
by extruding a 7 mm diameter rod from the yphase, annealing at 800°C for 3 h, water-quenching from the
B phase, and drawing at 250-600°C at a rate of 0.4 m/min, with a total reduction of 60% [i].

In contrast to group A the second group of samples (group B) were annealed at 600°C for 24 h after
B quenching.* The uranium rods prepared in this manner were subjected to "transverse" quenching from
the 8 phase. T The quenching texture was determined by calculating the inverse pole figures and the growth

* Deformation-texture data were presented in [1].

TThe bar was passed at 7 mm/sec through the heating zone of the inductor of an hf generator, in which it
was heated to 730-740°C, and remained at this temperature for 7-9 sec. On passing out of the heating
zone the bar was cooled with a water spray,

Translated from Atomnaya Energiya; Vol, 39, No, 1, pp. 24-27, July, 1975. Original article sub-
mitted June 3, 1974; revision submitted February 3, 1975.
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Fig, 1, Pole figurés of unannealed (A) and annealed (B) uranium of various -
types (I, II, TIT) worked at various temperatures before 5 quenching (250 and
600°C).

index Gx [2]. In order to eliminate the influence of possible structural inhomogeneities in the bars, and
also to increase the number of crystals taking part in x-ray diffraction, x-ray diffraction patterns were
recorded from the surface of three microsections perpendicular to the axis of the rod [1]. We also de-
termined the thermal expansion coefficient (&) at 20-100°C and the resistivity p of the uranium bars in the
axial direction at 20°C. :

Experimental Results and Discussion, For all three types of uranium (Figs, 1 and 2) the temperature
of preliminary deformation has similar effects on the texture of the quenched samples. Group A uranium
samples worked at 250°C have a complex texture in the direction of the rod axis. The main texture pole is
(001), with considerable spreading in the (010) direction, The group of poles close to the (100) is poorly
distinguished. A relative increase in the silicon content (samples of the second and third types) leads to a
reduction in the density of poles close to the (010) and a slight increase in the density of the (001) poles and
the poles close to the (100). The changes in texture caused a corresponding reduction in the growth index
Gy and an increase in o and p (Fig. 2, curves A)., With increasing deformation temperature of the uranium
in the a phase this tendency to undergo changes in texture intensifies, but to different extents for the dif-
ferent types of metal,

Whereas for metal of the first type (Fe>Si) an increase in the prequench deformation temperature (to
600°C) leads to a very slight reduction in the density of the poles close to (010), for the second (Fe = Si)
and especially the third (Si >F)typesthese changes are very considerable. For uranium of the third type
the group of poles close to the (010) gradually diminishes with increasing silicon content until it practically
vanishes, while the (100) poles are correspondingly intensified, In this case the growth index assumes
negative values, the linear thermal-expansion coefficient increases very slightly, while the resistivity
remains constant,
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Fig. 2. Growth index G4, thermal-expansion coefficient o, and resistivity p of unan-
nealed (A) and annealed (B) uranium of various types as functions of the deformation
temperature before quenching from the gphase,

Fig. 3. Quench textures of various types of uranium, a) Electrolytic uranium; b) Fe
> Si; ¢) Si> Fe,

A change in silicon content has little effect on the quench texture of uraniun annealed before deforma-
tion (Group B). On increasing the silicon content in quenched uranium previously worked at 250°C, there is
a slight tendency for the (110) and (001) group of poles to become stronger. As deformation temperature
increases, this tendency beconies rather more marked, the density of the poles close to (010) diminishing,
However, the range of changes in the growth index due to changes in texture is smaller in this case than in
the unannealed metal.

It was shown earlier [2] that the quench fexture was determined by the character of the stress field
(structural and thermal) acting on the 8 matrix. Under quenching conditions, the tensile forces at the
phase boundary promote the formation of o crystals oriented with their [010] axis in the direction of action
of these forces., Thus the geometry of the sample and the shape of the phase interface, determined by the
quenching conditions, promote the development of characteristic texture [4, 5], However, other factors
may also act upon the texture of the quenched nietal, especially factors changing the kinetics of the phase
transformation (quench temperature [6], grain size, the presence of impurities [7, 8] and soon).

In the case under consideration samples differing in respect of their conditions of deformation,
impurity state, and Fe/Si impurity ratio were subjected to 3 guenching,

It follows froni experinients on the multiple quenching of uranium [97 that the earlier-observed {10]
increase in the niicrostresses and the density of the randon.ly-distributed dislocations in uranium after
three or four quenchings has no effect on the character and degree of perfection of the quench texture., We
may thus reasonably assume that the changes in these characteristics caused by an increase in the deforma-
tion temperature in the o phase also have no decisive effect on the quench texture,

The dependence of the quench texture on the previous deforniation tetuperature of the o uraniun, niay
arise from a change in the state of the impurities forming the supersaturated o solid solution (the state
after 8 quenching). Increasing the deformation teniperature to 600°C leads to the decomposition of the solid
solution, The manner in which the impurities remaining in solution affect the kinetics of the & = S-trans-
formation changes accordingly [8].

It is reasonable to assunie that, as the deformation temperature and the silicon content increase, the
decomposition of the supersaturated solid solution is accompanied by the formation of (U, Si, Fe) com-~
pounds which dissolve less readily in the 8 phase; this is equivalent to the "purification® of the uranium
fron: iron and silicon, The texture of such B quenched uranium is similar in character to analogously
quenched refined (electrolytic) uraniuni (Fig. 3); it follows that, on quenching the uranium, the excess
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(relative to silicon) iron in solid solution promotes the forniation of texture with poles close to the (010),
This evidently explains the kinetic characteristics of the redistribution of the texture poles in accordance
with increasing silicon content and rising pre- 8 -quench deformation temperature,

However, the "purification™ effect alone cannot explain the considerable dependence of the quench
texture of the annealed samples on the preliminary deformation temperature, The annealing of 8 quenched
saniples at 600°C for 24 h leads not only to the decomposition of the solid solution but also to a considerable
coagulation of the precipitating inipurities, There are no grounds for considering that subsequent defornia-
tion at various temperatures will produce a further decomposition of the solid solution (or a renewed
dissolution of the inipurities). This is confirnied by the practically identical values of p after treating each
of the three types of uranium in the same way (Fig. 2B).

The relationship in question may be associated with a change in the character of the uranium texture
with increasing deformation temperature 1], if we allow for the possible formation of anisotropically-
distributed two-dimensional dislocation and impurity-dislocation networks in the uranium o crystal [11-
13], In the case of iron alloys, impurity-dislocation networks remain stable with respect to phase trans-
formations [L4]. Such networks (constituting elements of the ¢-uranium substructure formed as a result of
quenching or deformation) may serve as "meniory" carriers in respect of the a —8 ~a transformatlon
associated with quenching, :

Complexes of vacancies formed in specific crystallographic planes of strongly-textured uraniun [13]
may also serve as an orienting factor for the nucleating 8 crystal in the o —8 transforniation,

A rise in the deformation temperature (especially when slip processes are active) leads to a reduc-
tion in the general anisotropy (Fig. 4), and hence to a reduction in the orienting effect of the factors under
consideration, :

Thus the quench texture of uraniuni bars is substantially influenced by changes in the deformation
temperature of the uraniun in the ¢ phase, the quantitative relationship between the iron and silicon im-
purities, and also the state assumed by these impurities in the uranium before quenching,
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A LOOP CONVERTER CHANNEL FOR TESTING HIGHLY-
ENRICHED FUEL ELEMENTS IN A RESEARCH REACTOR

V. G, Bobkov, V, B, Klimentov, UDC 621,039,519
G. A, Kopchinskii, M. V, Melt'nikov,
and V. A. Nechiporuk

One of the most important problems of atomic technology is that of conducting loop tests on fuel ele-
ments made from highly-enriched fuel and developed for use in fast reactors. The possibilities of carry-
ing out such tests in thermal research reactors are limited by the nonuniformities of energy evolution and
burn-up in the fuel composition, An increase in the number of fuel elements in the fuel assemblies under
test still further reduces the representative nature of the tests, One method of equalizing the energy
evolution and burn-up in test fuel-element assemblies and making the test conditions approach those envis-
aged in the original design is to increase the hardness of the neutron spectrum in the loop channel, In
support of this assertion, it is sufficient to remember that the range of thermal neutrons in highty-enriched
uranium dioxide fuel is about 0.1 cm, while the mean range of superthermal neutrons is four times greater.

In order to equalize energy evolution in loop channels, a frequent practice is the use of absorbing
(boron and cadmium) screens [1, 2]. However, the considerable negative reactivity involved limits the
dimensions of the irradiating systems, The possibilities of using breeding materials for the screens have
also been considered [3, 4]. The SOCRATE channel, with a uranium dioxide screen, was proposed in [4]
for the mass irradiation of fuel elements in the BR-2 research reactor, Calculations indicated hopeful
characteristics of this irradiating device, However, because of the thermal power of the channel, amount-
ing to 10 MW, a complicated liquid-metal circuit had to be constructed,
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Fig, 1. General view of the model loop converter channel : 1) Central as-
sembly of highly-enriched fuel~-element models; 2) converter screen;
3) body of channel,
é Fig. 2. Fission density distribution (N%) over the radius of the converter
ik cell (1, 2, 3, 4~ Z Al respectively equal to 0; 0.8; 1.6; 3.6): I) as-
e > sembly of fuel element models; II) aluminum; IIT) screen; IV) water inter-
Fig. 1 layers; V) active zone of the VVR-M,
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Fig. 4. Fission density distribution over the radius of the cores of the peripheral (a) and
central (b) fuel elements (1, 2, 3, 4 — Z,Al, respectively equal to 0; 0,8; 1.6; 3.6).

In 1965 experimental and theoretical research was started in connection with a model loop channel
containing a breeding screen, intended for tests on assemblies of highly-enriched fuel elements in a ther-
mal research reactor [5-7]. We shall present the main results of the tests in this paper,

Construction of the Channel, Basic Problems,

and Research Methods

The model channel (Fig, 1) consisted of a cylindrical hermetic vessel, with a seven-element set of
highly-enriched fuel-element models made from 90%-enriched UO, tablets 0,9 cm in diameter (2R) in the
center; the fuel elements were held in a stainless steel tube with an external diameter of 1 cm and a wall
thickness of 0.03 cm. The height of the tablets was varjable (0.2-0.5 cm). The minimum height of the
uranium in the tube varied from 3 to 6 cm, The test assembly was surrounded with a screen having an
internal diameter of 7,5 cm, The screen was made up of rods, Each rod of the converter zone was a thin-
walled nickel tube with an external diameter of 0,25 cm, an internal diameter of 0,23 cm, filled with 90% -
enriched UO, over a length of 30 cm, The weight of the UO, in one rod was no less than 8,5 g for a U
content averaging 6.84 g. The rods were hermetized at the ends with nickel end-pieces 1.5 cm long, The
number of rods prepared was 450. The optical thickness of the screen with respect to thermal neutrons
varied from 0 to 3,6, The model of the channel was fixed in the middle of the active zone of the VVR-M-
critical assembly with an aluminum displacer [8].

The main problems of the investigation were : 1) To study the possibility of creating a uniform field
of energy evolution in a seven-element assembly of highly-enriched fuel elements ; 2) to study the influence
of screen thickness on the specific energy evolution in the fuel elements under test; 3) to study the conver-
ting effect of a breeding screen; 4) to study the spectral changes in the experimental volume of the channel;
5) to accumulate experimental data regarding the interaction of the fast microzone of the converter channel
with the active zone of the thermal reactor; 6) to develop a method of neutron-physical calculations for the
converter channel ; 7) to study the characteristics of various possible forms of the channel,

We studied the macro- and microdistribution of fission density in the assembly of fuel-element models
The macrodistribution was studied by using uranium detectors; these were made by depositing a layer of
90%-enriched UO, 0,5 mg/cm? thick on an aluminum substrate. The diameter of the detectors equalled the
diameter of the uranium tablets. The microdistribution of fission density over the radius and surface of

the fuel-element models was studied by autoradiography [5]. As detectors we used paper disks and strips
collecting the fission fragments during irradiation,

The relative distributions of the fast-neutron flux density were measured by using the **Inmn’)!*5In
reaction, The detectors were made of metallic indium 112 mg/cm? thick; they were surrounded by a two-
layer jacket : the outer layer, cadmium 0, 05 cm thick, the inner layer, indium 40 mg/cm? thick, The
activities of the detectors were measured in a ¥ spectrometer with a guard anticoincidence scintillator [61.
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Fig, 5. Fast-neufron distributions (®), measured by reference to the activation of
indium (1, 2, 3 — ZgAl, respectivelyequalto3.6;1.6; 0; 4,5 — without the as-

sembly of fuel -element models (4 —Z,Al=3,6;5 — without screen)]. The rest of
the notation is as in Fig, 2.

Fig. 6., Neutron spectra in the converter cell with a screen 3, 6 thick: 1) center of
fuel-element model assembly; 2) periphery of fuel-element model assembly; 3) active
zone of VVR-M reactor. :

The test loop cells, consisting of the assemblies of fuel-element models, the screen, and the active
zone of the thermal reactor were distinguished by a sharp inhomogeneity of their neutron-physical proper-
ties, The energy distributions of the neutrons within the cell may vary substantially, from the spectrum of
the thermal reactor to spectra approaching those of fast systems. This necessitates using cumbersome
methods for calculating such systems,. Inthe present investigation we used the S, method, The calculation
was carried out in uniform cylindrical geometry using a 26-group system of constants[9] in the S; approxi-
mation, on the basis of a complex of programs developed in the Scientific-Research Institute of Atomic
Reactors, The constants of the thermal group were averaged over the spectrum (previously calculated by
the SI-5 program),

Results of the Investigations

E qualizing the Energy Evolution in the Assembly of Fuel Elements, The manner in which equaliza-
tion progressed with increasing optical thickness of the screen is shown in Fig, 2, which presents the
theoretical and experimental fission-density distributions in the converter cell. Whereas without the
screen the ratio of the fission densities on the surfaces of the peripheral and central fuel-element models
equalled 2,0, as the screen thickness increased to Z,Al = 3,6 this fell to 1, 06. The cadmium fission
ratio on the surface of the fuel elements equalled 1.17+11%, For a small optical thickness of the screen
there is a considerable difference between the experimental and calculated fission densities, This discrep-
ancy may be explained by the heterogeneous structure of the screen and the assembly of fuel-element
models, which creates a substantial inflow of thermal neutrons into the central zone., For the maximum
screen thickness, corresponding to the pseudohomogeneous state, the calculated and experimental data
are in satisfactory agreement,

The equalizing of the field of energy evolution in the fuel-element assembly is shown in more detail
in Figs. 3 and 4. Figure 3 shows the measured azimuthal distributions of the fission density (obtained by
autoradiography) on the surface of the peripheral and central fuel-element models, and Fig, 4 presents
analogous data for the radial section of the models, The numerical data were characterized by fission-
density "bias coefficients", defined as the ratio of the maximum to the minimum fission density in the
corresponding section of the fuel-element model,

The fission-density distributions shown in Fig, 3 indicate a considerable azimuthal nonuniformity of
energy evolution in the absence of the screen, The development of nonuniformity in the peripheral models
may be attributed to the screening effect of neighboring fuel elements. As a result of this the energy
evolution on the surface of the fuel element facing the active zone was 3, 5 times greater than on that fac-
ing the center of the assembly, Clearly such conditions are not satisfactory for testing fuel elements, The
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introduction of the converter screen greatly reduces the azimuthal nonuniformity in the peripheral fuel
elements, For a screen 3, 6 thick the corresponding fission-density bias coefficient falls to 1, 57+5%.

A still more complicated picture of azimuthal nonuniformity occurs for the central fuel element,
Without a screen the fission density distribution on the surface of the fuel element bears a sinuous char-
acter, due to the inflows of slow neutrons through the gaps between the peripheral fuel elements, The in-
troduction of a screen 1, 6 thick completely eliminates the azimuthal nonuniformity of energy evolution for
the central fuel element,

It follows from Fig, 4 that without the screen the nonuniformity of energy evolution is also consider-
able over the radius of the fuel elements, Thus for a peripheral fuel element the radial bias coefficient of
fission density reaches 7. 00 + 5%, and for a central element 3,00 + 5%, After the introduction of a screen
3. 6 thick-the corresponding bias coefficients were 1.64 +5% and 1.57 +5%. If the bias coefficient for the
whole seven-element assembly is defined as the ratio of the maximum to the minimum fission density,
without the screen this equals 7,35 = 5% and with the screen 3, 6 thick it equals 1,67 £ 5%, the latter figure
being confirmed by a calculation, which gave 1,71, '

Average Specific Energy Evolution, The average specific energy evolution in a seven-element assem-
bly was estimated on the basis of our experimental data, allowing for the relationship
O3t R pf
(Rfy—1)%3.1.10t0

gsp= W /cm’),

where &y, is theunperturbed flux  density of thermal neutrons in the active zone of the research reactor;
Z ¢ is the macroscopic fission cross section for thermal neutrons, calculated for the composition of the
fuel element under test; Rfcd/(R Cd—l) is a correction allowing for the contribution of hypercadmium neu-
trons to the total number of fissions; uf is the relative fission density on the surface of a peripheral fuel
element (determined in the form of a ratio with respect to the fission density in the unperturbed part of the
active zone of the reactor); k is the nonuniformity coefficient, defined as the ratio of the maximum energy
evolution in the set of fuel elements to the mean value,

In view of the fact that the azimuthal nonuiformity impeded numerical integration of the fission
density distributions over the cross section of the fuel-element assembly, we simply considered two ex-
treme cases, k=1 and k =1, 67 (maximum and minimum energy evolution in the assembly).

If we allow ourselves to be guided by the thermal-neutron flux density in the wperturbed region of the
active zone of the VVR-M reactor &, = 10! neutrons/(cm? . sec) and the experimentally found values of
pf = 0,053 + 8% andeCD= 12,5 +11%, the average specific energy evolution in the seven-element assembly
of the highly-enriched fuel elements under test for a screen optical thickness of 3, 6 should lie withih the
range 1.5-2,0 kW/cm®,

Converting Effect of the Screen, This isg illustrated in Fig, 5, which presents the experimental fast-
neutron distributions over the radius of the test cell.

A comparison between curves 4 and 5 shows that the introduction of the thickest screen increases the
fast-neutron flux density in the experimental region of the channel by a factor of 1,7, The fuel-element
assembly increases the fast-neutron flux by a factor of 1, 25,

Spectral Changes. Spectral changes in the assembly of fuel elements were studied by calculations

7 based on the Sy method., Figure 6 shows the integrated and differential neutron spectra obtained for a

- géreen optical thickness of 3.6. For comparison we also show the neutron spectra of the active zone of
the VVR-M. On introducing the screen a hard neutron spectrum is established in the fuel-element assem-
bly, having a median energy of about 500 keV with respect to the flux density. The differences between the
spectra in the center and at the periphery of the assembly are displaced substantially in the high-energy
direction, Whereas before introducing the screen the median energy in the fission spectrum in the center
of the assembly equalled 100 eV, while at the periphery 86% of the fissions were caused by thermal
neutrons, For ZzAl=3,6 the median energy equalled 465 eV, On comparing the spectrum of the con-
verter channel with typical fast-reactor spectra we see that these are very similar to one another, only in
the first case there is a low-energy ™tail" which makes a considerable contribution to the total number of
fissions,

Interaction of the Converter Channel with the VVR-M Critical Assembly, This interaction was
studied by measuring the critical loadings and the efficiency of the peripheral fuel elements of the critical
assembly, For Z,Al=3.6the loading of the critical assembly fell by 0. 25020, 015 kg of U, i.e., the
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gain was about 11%. We estimated the most dangerous situation in which the converter channel was filled
with water, For EaAl = 2.8 the reactivity increased by 4B,¢t, which was reliably compensated by a system
compensated by a system of emergency protection with an efficiency of (9-10) Bygt.

Converter Channel with a Variable-Enrichment Screen, Thermotechnical estimates based on the
foregoing experimental data showed that by using liquid-metal coolants it was possible to carry off the heat
generated in the converter channel under temperature conditions acceptable to the construction materials,
The heating of sodium (initial temperature 250°C) should be 200°C, and the thermal fluxes in the screen
1.5-108 keal/(m?. h),

A serious drawback of the converter channels is the fact that the specific energy evolution in the
screen is several times greater than in the fuel-element assembly, and ten times greater than in the active
zone of the VVR-M reactor, In addition to this, the radial distribution of energy evolution in the screen is
distinguished by a sharp nonuniformity, The ratio of the maximum to the minimum energy evolution is
7.15,

A considerable equahzatlon of the energy evolution over the radius of the converter cell may be
achieved if the 2%U concentration in the screen is gradually increased on approaching the axis of the chan-
nel, We studied the characteristics of such a channel theoretically, the screen congisting of five zones with
successive 10, 20, 35, 60, and 90% enrichment of the UO,., The geometrical thickness of each layer was
0.25 cm, In this case the bias coefficient of the fission density in the screen was 1, 70; the maximum
specific energy evolution was altogether four times greater than the analogous quantity for the active zone
of the VVR-M, and coincided with the specific energy evolution in the experimental assembly of the fuel-
element models, In the loop assembly surrounded by a screen with a varying degree of enrichment the
neutron energy spectrum is characterized by a median energy of 800 keV (referred to the flux density),
half the fissions producing neutrons with energies of over 10 keV, In a channel of the construction under
consideration there is a further equalization of the field of energy evolution in the fuel-element assembly,
The radial bias coefficient falls to 1,21, An increase in the optical thickness of the screen to 6.5 reduces
the average specific energy evolution in the fuel-element assembly by a factor of 1,45 compared with the
analogous quantity for the channel considered, and lies at a level of 700-900 W/cm? for the nominal power
of the VVR-M reactor, The thermal flux in the screen should not exceed 0.4°108 keal/ (m2-h).

Thus the foregoing theoretical and experimental data lead to the conclusion that, by using loop chan-
nel converters, the representative quality of investigations into highly-enriched fuel elements in a thermal
research reactor may be greatly enhanced. In a channel with a variable-enrichment screen we find ex~-
tremely hopeful characteristics for an irradiating device containing a seven-element fuel-element assembly
with cores made of 90%-enriched UO,,

A serious disadvantage of channels of the construction here considered is the necessity of making a
complicated liquid-metal loop system, Although the thermal fluxes should not exceed 0, 4+ 10¢ keal/(m®+h)
the creation of such a loop installation demands considerable modernization of the research reactor,
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TESTS ON EXPERIMENTAL FUEL ELEMENTS
CONTAINING CARBIDE FUEL, IRRADIATED IN
THE BOR-60 REACTOR TO BURN-UPS OF 3 AND 7%

E. F. Davydov, A. A. Maershin, UDC 621.039.542.344
V. N. Syuzev, Yu. K. Bibilashvili,
I. S. Golovnin, and T. 8. Men'shikova

Experience in the use of the carbide zones of the BR-5 reactor and several foreign versions con-
firms the practical possibility of using carbide fuel in fast reactors [1-3]. However, the difficulty of pro-
ducing stoichiometric uranium monocarbide (which possesses a high radiation resistance) and our insuf-
ficient knowledge of its properties are the main obstacles to the use of this type of fuel. In addition to
‘stoichiometric uranium monocarbide there is also considerable interest in the use of the easier-to-make
hypo- and hyperstoichiometric compositions. In order to realise the advantages of uranium carbide over
oxide fuel and ensure optimum fuel-element construction, careful experimental investigations into a number
of problems are required, especially the swelling of the fuel, gas evolution, the compatibility of the fuel
with the can, and s0 on.

In this paper we shall present the results of material investigations into the fuel elements of two as-
semblies irradiated in the BOR-60 reactor of burn~ups of 3.3 and 7.1% of the heavy atoms. The maximum
linear power taken from the fuel elements was no greater than 550 W/cm; the greatest can temperature
was 650°C; the temperature of the center of the core was 1100-1200°C for fuel elements with helium filling
and 900-950°C for sodmm—potassmm f1111ng :

TABLE 1. Initial Characteristics and Observed Behairior of Fuel Elements

- - S
Number of {C3rbon oM lkorm of  {Fuel density, { Diametral . (?a§ evolu- |Changes in Rate of fuel
assembly tent of fuel, core Jem? gap mm Medium |tion, % of externalcan swelling %
: wt. % 8 ’ theoretical [diameter, %

First (burn- 4,68 Bushing 12,5 0,2—-0,4 He 2,3 0 V,5
up3,3% 4,7 Briquette 12,4 0,2—0,4 He 8,8 u -
of heavy 4,8 Bushin 12,9 0,15—-0,25 He 4,3 o 1,2
Stome) 48 |Briquefte | 12,9 | 0.5-0,25|  Ho 5.8 0 12

4,91—5,0 . {Bushin: 12,6 0,2—-0,4 He: 2,3 0 —
4,91 Briquette 12,6 0,2—0,4 He 10 0 —
4,9 : " : 12,5 0,6 Na—K 1,7 0 —
5,1 n 12,8 0,25 Na-—-K 1,2 7 0 —

Second . 4,68 Bushin 12,5 0,2--0,4 " He 4,0 0 0,9
(burn-up 4,7 Briquette 12,4 0,2—0,4 He 6,8 0 —
7.1% of 4,8 Bushing 12,9 0,15—0,25 He 4,6 0,2—0,6 1,6
heavy 4,8 Briquette 12,9 0,15—0,25 He . 6,0 0,3—0,7
atois) 4,91—5,0 [Bushin, 12,6 0,2—0,4 He 4,5 0,2—0,4 | 1,5

4,91 : [Briquefte 12.6 0,2—0,4 He 9,0 0,4
4,8 7 " 12,8 0,5 Na— 1,0 0,4
4,95 " 12,8 0,25 Na— 3,0 0,3
5,0 " 12,8 0,5 Na—K 1,1 0,3

Translated from Atomnaya Energiya, Vol. 39, No. 1, pp. 33-36, July, 1975. Original article sub-
mitted September 23, 1974,

©1976 Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part of this publication may be reproduced,
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming,
recording or otherwise, without written permission of the publisher. 4 copy of this article is available from the publisher for $15.00.
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L g5 Construction of Fuel Elements
L')u; Jo0b- "3 and Assembly
= 8- 3 The assemblies contained 19 fuel elements enclosed
N 20l 3 in a hexagonal jacket (stainless steel 1Kh18N10T) with an
% 7 E "under-key" size of 38.0 mm and a wall thickness of 0.8
8w & mm. The fuel element was aOKh16N15M3B stainless steel
8 % tube with an external diameter of 6.9 and a wall thickness
g‘ g5l 5 of 0.4 mm. Fuel tablets in the form of bushings or briquet-
3 o | L Lo g tes were loaded into the tube over a length of 500 mm.
<0 1% 300 450 &0 The diametral gap between the fuel and the can varied
Length of fuel element, mm over the range 0.15-0.4 mm for fuel elements with helium
Fig. 1. Distribution of fission fragments filling and 0.25-0.6 mm for fuel elements with sodium
over the height of the active part of the fuel —potassium filling. In the lower part of the fuel elements
element: C) B7Cs; @) %Zr; €) 44Ce. with helium and in the upper part of the fuel elements with

sodium—potassium filling a compensation volume was
provided for collecting the gaseous fission products. The amount of carbon in the fuel varied from 4.68 to
5.1 wt.%. The enrichment of the fuel with *°U was 90%. The fuel density was 90-96% of theoretical.

Study of the Fuel Elements

Primary Investigations. On inspecting the assemblies no external damage was apparent; all the fuel
elements were hermetic.

The external diameter of the fuel-element cans (Table 1) remained constant in the case of the first
assembly; in the second assembly it remained within the range 6.88-6.94 mm. The maximum increase in
diameter appeared in the center of the fuel column, i.e., in the zone of maximum burn-up, diminished
toward the ends. The greatest deformation of the can was 0.8%.

The quantity of gaseous fission fragments evolved under the can was insignificant, amounting to 1-3%
for a core-center temperature of ~1000°C (fuel elements with sodium—potassium filling) and 4-10% of
theoretical for temperatures of ~1100-1200°C (fuel elements with helium filling). The low yield of gaseous

fission products indicates a high retaining capacity of the carbide fuel for temperatures below the recrystal-
lization point.

The results of our determinations of the gas evolution, the changes in the external can diameter, and
the swelling of the fuel are presented in Table 1. '

A study of the height distribution of the fission fragments with respect to the active part of the fuel
elements showed that the fragments did not migrate in the direction of the axis. Typical results are pre-
sented in Fig. 1 (fuel density 12.6 g/cm®, carbon content 5.0 wt.%, burn-up 7.1% of the heavy atoms).

Metallographic Study of the Fuel. Thiswas carried out on samples cutfrom various cross sections along
the height of the active zone in the fuel element. We found that during the investigation the tablets cracked
(Fig. 2) as a result of thermal stresses arising in the reactor shutdown periods.
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Fig. 2. Macrostructure of fuel (burn-up 7.1%of the heavy atoms; x10): a) 4.68 wt.% C
medium He; b) 4.9 wt. % C, medium He; ¢) 5.0 wt.% C, medium Na—K.
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Fig. 3. Microstructure of the fuel (4.91 wt,
up 7.1% of the heavy atoms ; ¢) center, same burn-up,

The high capacity of the uranium carbide to retain the gaseous fission fragments leads to the develop-
ment of preferential porosity in the central part of the core. ILarge pores disposed at the grain boundaries
form a streak configuration, and on merging create extended cavities; small pores are located in the in-
terior of the grain (Fig. 3).

Fuel of hypostoichiometric composition, with an initial coarsegrained siructure characterized by a
small number of large pores around the grain boundaries and aggregates of small pores inside the grains,
undergoes additional centering for temperatures of ~1100-1200°C in the center of the core, as a result
of which the size of the internal cavity of the core increases from 1.8 to 2.5 mm (Fig. 2a). This agrees
with the results of other authors [4]. The swelling of this kind of fuel is no greater than 1.0% for 1% burn-
up under the conditions indicated.

The behavior of hyperstoichiometric and stoichiometric fuel is practicaily identical in respect to
changes in grain size and the mode of redistribution of the porosity. We found a certain increase in grain
size in the central part of the core. In the peripheral parts fine pores lay both inside the grains and along
the boundaries. At temperatures of over 1050°C the pores were enlarged [4] and the fine-grained structure
was characterized by the presence of "lens-shaped" pores on the "hotter" grain boundaries (Fig. 4). The
swelling of the cores made from fuel of hyperstoichiometric and stoichiometric compositions, determined
hydrostatically and by quantitative metallographic analysis, averaged 1.5 + 0.5% per 1% burn-up.

Interaction of the Can with the Fuel. It is well known that the interaction of the developing fission
fragments with the fuel-element can does notplay any decisive part in fuel elements made from carbide
fuel. The interaction is chiefly characterized by carburization of the can on the side of the core (for a
carbon content of over 4.8 wt. % in the fuel), as a result of which carbide phases are precipitated along
the grain boundaries and the ductility of the can is impaired.

The use of a eutectic sodium—potassium mixture as heat-conducting interlayer between the fuel and
the can also has its demerits. In particular carbon transfer causes a considerable carburization of the can
for an amount of carbon in the uranium carbide exceeding 5 wt.%. The depth of the interaction zone de-
pends on both the conditions of use, i.e., the temperature of the can and core, and the operating time in
the reactor [6]. A typical picture of such interactions is shown in Fig. 5a. We see that for a can tempera-

ture of 650°C and 5.1 wt. % C in the fuel the depth of the inter-
action zone is 100-150 u, while the microhardness (in prin-

. ciple this may serve as a criterion of the change in can-mater-
ial ductility) for this zone is ~700 kg/mm?. For parts outside
the interaction zone the figure is ~306 kg/mm?. The increase
in microhardness is due to the considerable carburization (up
to 0.7 wt. %) of the inner surface of the shell. Earlier it was
noted [1] that such zones of interaction contained uranium and
fission fragments in quantities of 10~4-10-° wt. % in addition

¥ N to carbon.
Fig., 4., Microstructure of the center of On using uranium monocarbide with less than 5 wt.%
the core (burn-up 7,19 of the heavy at- carbon the carburization is very slight. In the middle and
oms; 5.0 wt. % C, x 200). upper cross sections of the fuel elements with helium filling
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Fig. 5. Interaction between the fuel and the can: a) burn-up 3.3% of the
heavy atoms, medium Na—K, x 200; b) burn-up 7.1% of the heavy atoms,
medium He, x 100,

a dark zone, characterized by high etchability of the grain boundaries, appeared on the inner surface of the
cans. We were unable to identify this zone (which was no more than 50 ¢ wide); however, other evidence
suggests [6] that its carbon chromium content were some 1-2% higher than elsewhere.

Of the fifteen fuel elements studied, in only one case did we find interaction due to the direct diffusion
of carbon into the can, when close contzct occurred between the latter and the fuel (Fig. 5b). The depth of
the interaction zone was no greater than 50 4, while the microhardness was ~450 kg/mm?,

Thus on the basis of these material investigations into the fuel elements of the two experimental as-
semblies, irradiated in the BOR-60 reactor to burn-ups of 3.3 and 7.1% of the heavy atoms with a linear
power of 450-550 W/cm and can temperatures of 550-650°C, we may draw the following conclusions.

1. The fuel elements of the experimental assemblies containing an OKh16N15M3B steel can and a
core in the form of bushings or briguettes were in excellent condition. The maximum increase in the ex-
ternal diameter of a can containing fuel elements irradiated to a burn-up of 7.1% of the heavy atoms was no
greater than 0.8%.

2. 'The yield of gaseous fission fragments was very low, amounting to 1-10% of the theoretical value.
3. The rate of uranium monocarbide swelling equé.lled 1.5 * 0.5% per 1% burn-up.

4. On using uranium monocarbide containing less than 5 wt. % carbon the can suffered decarbunzatlon
to a depth of no greater than 50;1, this had no effect on the properties of the can material.

5. An analysis of the state of the fuel elements studied in this investigation showed that these ex-
hibited satisfactory efficiency under the irradiation conditions envisaged, and further exploitation was a
real possibility.
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RECOLLECTIONS OF PROFESSOR BORIS VASIL'EVICH
KURCHATOV, D‘OCTOR OF CHEMICAL SCIENCE, ON
HIS SEVENTIETH BIRTHDAY

S. A. Baranov, A, R. Striganov,
and P, M, Chulkov

Boris Vasil'evich Kurchatov was born August 3, 1905 in the South Urals, and spent his childhood in
the Sim's factory settlement, Ufimka province, now the town of Sim in the Chelyabinsk oblast, He received
his secondary education in Simferopol. In 1927 he was graduated from the Kazan State University with a
major in physical chemistry, In 1928 he was offered a job in the Leningrad Physicotechnical Laboratory

"of the Academy of Sciences of the USSR, now the A, F, Ioffe LFTI, where he was first a junior and then a
senior research worker and head of the laboratory, In 1943 he moved to Laboratory No, 2 of the Academy
of Sciences of the USSR, later the Institute of Atomic Energy, and worked there the rest of his life, Boris
Vasil'evich died on April 13, 1972, '

B. V. Kurchatov was one of the founders of Soviet radiochemistry and contributed greatly to the
solution of chemical problems of the Soviet atomic industry, He was one of the first to use chemical .
methods to interpret nuclear reactions in the study of artificial radioactivity, Under his direction, and
with his direct participation, the first trace and weighahle amounts of neptunium and plutonium obtained in
USSR were separated, and important radiochemical research was performed on the transplutonium ele-
ments from americium to californium, Important results were obtained on nuclear reactions with high-
energy particles accelerated in a synchrocyclotron, -and on the physics of the fission of heavy nuclei."

Unfortunately B, V. Kurchatov's scientific work has been very poorly dealt with in the literature,
Being a very modest person he did not concern himself with the priority of his work, and many important
results were not published in the open literature at the proper time, In this brief article we shall attempt
to some degree to fill this gap and to shed some light on the contribution of B, V. Kurchatov to the deve-
lopment of radiochemistry and nuclear physics,

B. V. Kurchatov's first work, performed at LFTI under the direction of Academician A, F, Toffe,
had to do with the physics of dielectrics and semi-conductors. He obtained interesting results on the
dielectric polarization of isomorphic mixtures of Rochelle salt, These crystals were found to be com-
pletely analogous to ferromagnets, They obey the Curie—Weisslaw above the Curie point, the maximum
flux of the electric displacement increases as the temperature decreases in the region of spontaneous
orientation, and the phenomenon of hysteresis is pronounced. The data obtained, together with a study of
the quantitative dependences on the concentrations of the components of the mixture, served as a basis for
the development of the theory of ferroelectrics by his elder brother I. V. Kurchatov,

In his work on semiconductors he studied the deperidence of electrical conductivity on temperature
. and impurities., These studies were designed to find new types of solid rectifiers. As a result a sulfate
- rectifier was developed capable of operating at larger current densities than other rectifiers of that time,

In 1938 B. V. Kurchatov was awarded the academic degree of Candidate of Physical-Mathematical
Sciences for his work on dielectrics and semiconductors,

Beginning in 1934 B, V. Kurchatov took a \}ery direct part in the work of I, V. Kurchatov on artifi-
cial radicactivity. The whole radiochemical part of this pioneering research was performed by B. V.
Kurchatov, They studied nuclear reactions involving the bombardment of aluminum nuclei by neutrons

Translated from Atomnaya Energiya, Vol. 39, No, 1, pp. 39-41, July, 1975,
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with the formation of *™Mg and *Na, Simultaneously a method was developed for studying nuclear reactions
inacloud chamber with vapor of a volatile boron compound, In subsequent experiments a third radioactive
isotope of bromine was detected for the first time. This led to the remarkable discovery by I. V.
Kurchatov, L. V. Mysovskii, and L. I. Rusinov of nuclear isomerism in artificially produced radioactive
nuclei — one of the most outstanding achievements of Soviet nuclear phys ics,

Obtaining the first Soviet plutonium is of great scientific and historical interest, It is directly linked
with the name B, V, Kurchatov, He began research in this direction in Moscow in 1943, well before the
startup of the first Soviet graphite-moderated uranium reactor on December 25, 1946, The experiment
was performed by mixing 2, 5 kg of uranous-uranic oxide in a gelatinous precipitate of uranium peroxide
deposited from 3, 8 kg of uranyl nitrate and diluted with water to 7.5 liters. The flask with the mixture
was placed in a vat of water. A radium-berylliun: neutron source containing 1, 8 g of radium was placed
at the center of the flask, Irradiation was continued for 83 days until October 17, 1944, Estimates showed
that the total amount of plutoniun: accumulated was 3.3 .10% atoms. The plutonium was separated from
five samples by various chemical processes. In each of the first three experiments 500 g of U303 were
taken, in the fourth 820 g, and in the fifth 2,2 kg.

B. V. Kurchatov showed that plutonium can be separated by the so-called Cupferron sulfate schenie
developed for neptunium by using the double salt potassium sulfate-lanthanum sulfate instead of potassium
sulfate-cesium sulfate. :

By processing 2.2 kg of irradiated uranium in the form of U;0; a sample was separated with an alpha
activity of 22 counts/min, This amount of material was enough to estahlish the chemical nature of the new
alpha emitter with certainty and to estimate its half-life as 31 thousand years. This value is fairly close
to the more accurate value of 24,3 thousand years now known for the half-life of 23°Pu.

Under the direction of I. V. Kurchatov a cyclotron with 73 ¢m diameter pole pieces was constructed
and put into operation toward the end of 1944 in Laboratory No, 2 of the Academy of Sciences of the USSR.
It was used to obtain plutonium. Deuterons accelerated to energies of 4 MeV were directed onto a lithium
target. The neutrons obtained as a result of the reaction

Li+?D —3iBe-~ln

were used to bombard uranium, Uranyl nitrate was mixed with paraffin to moderate the neutrons, About
ten uranjum samples weighing up to 5 kg each were irradiated for 150 h,

From December 10, 1945 to September 1, 1946 B, V. Kurchatov performed many experiments on the
separation of plutonium, As a result a technological laboratory scheme was developed for its separation,
In all these experiments 1.8 - 10~2 ug of plutoni um were extracted.

In April of 1947 B. V. Kurchatov and his coworkers were the first in the USSR to separate milligram
amounts of #Py from uranium irradiated in the first experimental graphite-moderated uranium reactor,
The plutonium was separated from two 5 kg samples of irradiated uranium oxide, The manganese sulfate
method was used in the first experiment and the acetate-sulfate method in the second.

The plutonium was concentrated by the lanthanum sulfate method developed in detail by that time by
B. V, Kurchatov and his coworkers, The essence of this method consists in the dropping of lanthanum in
the form of lanthanum sulfate-potassium sulfate in an oxidizing medium and the precipitation of plutonium
with a small amount of lanthanumin the form of lanthanum sulfate-potassium sulfate in a reducing medium,
Decreasing the carrier content by repeated oxidation-reduction cycles diminishes the volume of the solution
so much that the plutonium is precipitated in pure form without fragments. To precipitate 5-20 pg of
plutonium the volume of the solution must be ~10-%-10"% ml. Two samples of plutonium were obtained:
6.1 pg from the first part of the uranium oxide, and after more intense and prolonged irradiation, 17,3 pg
from the second.

These samples were used to study some of the properties of chemical compounds of plutonium:
plutonium peroxide, plutonium fluoride, Pu{lV) hydroxide, the double salt potassium sulphate—Pu(II) and
Pu(@V) sulfate, Pu(IV) hydride, Pu(llI) oxalate, and Pu(Ill) sulfate, The solubilities of a number of difficultly
soluble plutonium compounds (hydroxide, fluoride, hydride, peroxide, iodate) were determined also,

Numerous papers of B. V, Kurchatov in the field of the chemistry of the first transuranic elements,
fission products, analytical procedures, and technological processes for the processing of irradiated
uranium were important scientific contributions andwere widely used in Soviet atomic industry,
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B. V. Kurchatov's radiochemical studies of reactions of complex nuclei bombarded by high-energy
particles were fruitful. Those studies were performed at Dubna during 1949-1953, directly after the
startup of the high-power synchrocyclotron, The rules for the yields of various dlstmtegrahon products
of silver and tungsten bombarded with fast particles were studied; a number of new isotopes were found and
identified; such phenomena as the escape of light nuclei from silver (sharply asymmetric fission), second-
ary nuclear reactions with an increase in the charge and mass of the bombarded nucleus, the fission of
nuclei in excited states ete, were observed,

'B. V., Kurchatov initiated research on the charge of the air and ground from radioactive isotopes
formed in nuclear explosions, These experiments were for the most part of a pioneering character and
were very valuable in the study of the effect.of the products of atomic explosions onthe biosphere,

B. V., Kurchatov devoted the latter yeé;rs of his life to research on nuclear fission, mainly of heavy
elements, Using radiochemical methods he found the laws of symmetric and as ymmetnc fission as a func-
tion of the charge and mass of the fissioning nucleus,

B. V. Kurchatov paid great attention to the training of scientific personnel, His students became

highly qualified specialists who independently put into practice the scientific ideas of their teacher.

B. V. Kurchatov was a member of the communist party. He took part in the work of a number of
committees on various problems of radiochemistry, was a member of the Academic Council of the Institute
of Atomic Energy, a member of the committee of experts of the High Degree Commission, and a member

- of the editorial board of the journal Radiokhimiya,

The government of the USSR properly assessed the scientific work of B. V. Kurchatov and awarded

" him the honorary title of Lenin prize laureate, second laureate of the state prize, and also conferred on him

the Order of Lenin and five orders of the Red Badge of Labor.

B. V. Kurchatov combined exceptional abilities, diligence, and love of science,.and was a man of
great erudition and culture. Boris Vasil'evich was a sensitive and sympathetic person, always very willing,
ignoring time, helping everyone who turned to him for advice and assistance. Frequently he even developed
and checked spe01al procedures for obtaining and analyzing some compounds of interest to hxs coworkers at
the Institute,

The scientific work of Boris Vasil'evich is inseparably linked with that of his brother Igor Vasiltevich.
This was a sincere and business-like friendship of a talented radiochemist and a prominent experimental
physicist of our day, a friendship stimulating scientific research and leading to great achievements in both
radiochemistry and nuclear physics,
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REVIEWS

PROBLEMS IN SHIPMENT OF SPENT FUEL FROM
NUCLEAR POWER STATIONS

Yu. I. Arkhipovskii, V. A. Burlakov, ‘ UDC 621.039.59:656
A. N. Kondrat'ev, E. D. Lyubimov,
and A. P. Markovin

The projected high growth rates for nuclear power in all the countries of the world require shipment
of considerable amounts of irradiated fuel from nuclear power stations to processing plants. Character-
- Istics of spent fuel as a material for shipment include high radioactivity, considerable residual heat emis-
sion, presence of fissile materials, high cost, and the need to prevent the consequences of possible
accidents during shipment. ' :

‘ Spent fuel from nuclear power stations is shipped by railroad, truck, and water transport in specially
manufactured shipping casks. Loaded casks weigh from 30 to 110 tons with the fuel being 2-5% of the total
mass and the mass of the means of transport being about the same as the mass of the cagsk. The time the
means of transport is under way with a load is only 10-20% of the total time involved after subtracting the
time taken for the return trip, for loading, for tie-down, for unloading, and for clean-up, inspection, re-
pair, etc. One can imagine how expensive it is to ship spent fuel.

The shipping problem is an important link in the fuel cycle and requires creative participation by
scientists, designers, and builders in various fields of science and technology for the succesful develop-
ment of safe and economical designs for casks, for the selection of the most economical form of shipment,
and for the solution of legal and organizational problems. -

An increase in the specific power of reactors leads, as a rule, to an increase in the dimensions and
mass of spent fuel-element assemblies and of the energy intensity and fissile material content in them.
Reduction of the fuel cycle time, on the other hand, demands shipment of fuel after short holding times and
consequently with greater residual heat emission and activity (Table 1). All this complicates the solution
of the problems connected with shipping.

TABLE 1. Some Characteristics of Fuel from Soviet Water-Cooled, Water-Moderated
Reactors and from the Reinsberg Nuclear Power Station (East Germany) [1, 2]

' o . Residual heat emis-
w |§ 28 b iz of Specific y activity, gamma- lgon of assemblies
~ z|g |8 _ §&|Number [Sizeof f,q4iy Raperasembly < [afterholding, kW
Reactor S = % g |5 § E Zlof assem-{assembly, per assembly
B g 2 L|EEST |blies SxL,” holding time, yz holding time, yr
8 5|3 Q|0sEE mm 0.5 2 3 fosf 1] 213
oAl Dla 3~0 . L , '
Reinsberg : Wl 18 10 132 144-320013,4-10%|9,7-103} 4-103]3,2-103} 1,110,6(0,3}0,2
VVER-210 20| 44 | 13/19 |349/37T |144.3200(3,7-104[ '1.101|4,4-10%|3,5-103| 1,2]0,7|0,3]0,2
VVER-365 365 | 44 28741 | 349/73 |144-3200(6,4-104]1,8.104|7,5.103} 6.103)2,1/4,1/0,5|0,3
VVER-440 440 | 44 28742 | 349/73 - |144-320016,7.10¢|1,9.104|7,9.10% | 6,3.10%] 2,2(1,2| 0,6/ 0,3
VVER-1000 1000 | 72 | 41/44 151 |238.4665|3,4-105(9,6-408| 4-10413,2.104(11,116,0{2,8{1,7
*+S, clamped dimension; L, assembly length. ]
+ Numerator is total number of assemblies in reactor; denominator is number of control assemblies.

Translated from Atomnaya Energiya, Vol. 39, No. 1, pp. 42-47, July, 1975. Original article sub-
mitted June 3, 1974; revision submitted January 23, 1975.
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TABLE 2. Characteristics of Shipping Casks

. . : Cavity filling
Reactor Shape of cask Mass, Size, m Shield thick-Fuel weight, Number'of (heat-transfer
tons ness, mm  |tons assemblies .
. medium)
VVER-440 Vertical cylinder | 90 H,Qf 2 .43;4 Steel; 400 | 3,3(UOy) 30+ Iwater, inent gas
VVER-1000  [Horizontal cylinder} 110 @213 | Steel; 410 | 3 (UO,) 6  |Water
L=6,1
Reinsberg Vertical cylinder 80 | =3; H=4,3] Steel; 350 | 3,9 (UOy) 30 Nitrogen, watet
power station ;
KS-150 (Czech~{Horizontal paral- 78 | 1,88-1,2; [ Steel; 385 {2, 7 (natwral 16 Agueous solution
oslovakia) lelopiped =6,1 uranium) of KrCr,0Os,
. . Water, inert gas
BWR or PWR | |Horizontal cylinder| 70 24,5; Uranium; [Upto 4UO,) | 18 (BWR) |Water
(IE-30C cask)* _ | L=54 [steel or 7 (PWR)
* Shipment by rajl and special truck.

Developmeht of Safe and Economical Cask Design

Packaging of spent nuclear fuel is the most complex part of shipment. Shlppmg casks for the shipment
of spent fuel must have reliable biological protection against penetrating radiations (y, n); it must be her-
metically tight, i.e., it must eliminate the possibility of escape of radioactive products into the environ-
ment at levels above permissible standards; it must provide sufficient heat removal to prevent fusion of
fuel elements or spontaneous combustion of cladding and fuel and, when necessary, provide removal or
combustion of hydrogen formed by radiolysis of water; it must meet the requirements for nuclear safety
under normal and accident conditions [3-5].

The IAEA rules for safe shipment of radioactive materials and the shipping regulations of individual
countries [6, 7] based on them impose rigid requirements on the demgn of shipping casks to ensure safety
in case of accident. .

To confirm adherence to standards for integrity and protection against ionizing radiation, it is neces-
sary to perform tests which simulate the maximum predictable accident: dropping from a height of 9 m
onto a steel plate; dropping of any point from a height of 1 m onto a solid metal rod 0.15 m in diameter;
exposure to fire (800°C) for 30 min without subsequent forced cooling for three hours; submersion in
water to a depth not less than 15 m for eight hours.

Biological Shield

Steel, lead, and depleted uranium are used in the manufacture of casks as contruction materials for
protection against ¥ radiation. The lead and uranium are additionally encased in steel. Steel is used pre-
dominantly in the USSR; several casks with lead and uranium shielding have been constructed in the USA
and France [8, 9].

The required thicknesses of uranium, lead, and steel shields are in the ratio 1:1.8:3.1, varying
-somewhat depending on the degree of irradiation of the fuel. There is a resultant difference in cask mass
for a given internal volume or in internal volume for a given total mass.

The use of lead for increasing the useful volume of a cask while maintaining total mass has a number
of serious deficiencies. The lead may fuse in a fire which may lead to its loss because of failure of the
casing around it or to redistribution of the lead with the formation of radiation windows (voids in the shield)
and the creation of extremely high radiation levels at the outer surface, What is needed is the develop-
ment of external protection against fire and sufficient thickness of the outer steel casing to protect the cask
in the case of an accidental drop as well as internal linings. '

The use of uranium as a 7 shield in the USA is explained by a trend toward maximum reduction of
cask mass so that truck transport can be used because of its high level of development and the absence of
railway spurs at many nuclear power stations. In casks with uranium shields, various types of porous
copper or tungsten membranes are used to prevent the possible formation of eutectics with the steel shell
which have a low fusion temperature and which would fail in a fire. These casks must have internal and
external steel shells. The future use of steel casks with solid walls has recently been regarded as promising
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Fig. 1. Railway container car for shipmgnt of spent fuel from a nuclear power sta-~
tion with VVER-440 reactors.

especially for spent fuel from fast reactors because of simplicity of construction, good heat removal, and
. structural integrity.

The external shells of casks are usually made of stainless steel or of coated carbon steel. For spent
fuel from water-cooled, water-moderated reactors with a burnup of the order of 40, 000 MW -day/ton and
also for fuel from fast reactors, it is also necessary to provide protection against neutrons in addition to
the protection against ¥ rays in the design of a cask because of significant amounts of heavy isotopes of
plutonium and transplutonium elements which undergo spontaneous neutron emission. A composite metal
shield is used for the absorption of ¥ rays; a shield of water or other hydrogenous material is used for
moderation of neutrons and a shield of boron or cadmium is used for absorption of the moderated neutrons,

Heat Removal

In accordance with IAEA rules, the temperature of the outer surface of a cask must not exceed 82°C
at an ambient air temperature of 38°C. The maximum permissible pressure in the cask must not be more
than 686 kN/m? (7 kg/em?). Furthermore, it is not desirable to use a system of forced cooling in the de-
sign of a cask to provide safety since such a system inevitably fails in an accident.

. As Shown in numerous studies, one can remove about 250 W of heat by convection and radiation from
1 m? of steel plate when the ambient air temperature is 38°C and the temperature of the cask wall is 82°C
if the plate is vertical and about 50 W more with a horizontal plate.

The surface of a cask for shipment of spent fuel from a VVER-440 reactor is about 30 m? which makes
it possible to remove about 15 kW of heat without using fins or a system for forced cooling. The amount
of heat removed can be increased by factors of 1.5-2 by the use of the fins on lateral surfaces.

Heat removal often limits the number of assemblies shipped in a single cask. To improve the con-
ditions for heat transfer from spent fuel to the outer surface, the inner cavity of the cask is filled with
water or other coolant as a rule. In principle, there are two possible methods of shipment: dry and wet.
In dry shipment, the maximum permissible fuel temperature is a limiting factor; in wet shipment, the
limiting factor is the pressure in the internal cavity of the cask. It has been suggested that liquid sodium
would be the best coolant [10] for the shipment of spent fuel from fast reactors with short holding times
and large heat emission.

In order that the temperature of fuel-element cladding and the pressure in the internal cavity of a
cask be within permissible limits during a fire, the design of a cask often provides various linings which
prevent transport of heat into the internal cavity during a fire and which provide the necessary heat re-
moval under normal shipping conditions. For example, in the body of a cask for spent fuel from the Diori
reactor (Switzerland) there is a lining of moist gypsum which dries out in a fire and reduces heat transfer.

For this same purpose, there has been developed in the USA thermal insulation based on aluminum
and iron oxides which contain a large amount of bound water. Special structural materials with one-way
conductivity are being developed,

In wet shipment (particularly of fuel with high residual activity), various measures are specified which
can prevent the formation and detonation of explosive mixtures during shipment: catalytic combustion of
hydrogen on platinum catalyzers, introduction of a suppressant gas into the gas cavity (for example, CO,),
filling the cask with high-purity water for marked reduction of hydrogen emission, and blow-off of released
hydrogen into a special tank,
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Nuclear Safety

In the development of a design for a shipment unit, conditions must be provided such that a spontaneous -
nuclear chain reaction (SCR) cannot arise under any foreseeable shipping conditions. One should particular-

- ly consider the possibility of rearrangement of materials in the cask into more resctive systems, of a loss

of efficiency of built-in neutron absorbers or moderators, of an increase in reactivity because of tempera-

ture changes, or of penetration of water into the cask when it is dropped into water or snow.

For examplé, nuclear safety can be ensured by the inclusion in cask design of various moderators
and neutron poisons, by control of possible geometries and degrees of moderation, etc.

BUNTSIV- N RIS S

Design of Shipment Unit

Physical, technical, and economic features of spent nuclear fuel have a great influence on the design
of a shipment unit.

The creation of an acceptable design for a shipment unit for the transport of spent nuclear fuel is the

~:: solution of many contradictory problems imposed by the requirements of the "Rules for Safe Transport of

Radioactive Materials" and by the economics of shipping.

Shipping rules are very strict and the design of a shipping unit must ensure the impossibility of initia-
tion of an SCR, of weakening of the biological shield, and of uncontrolled loss of activity under any foresee-
able shipping conditions including accidents; all of this entails great expense.

As a rule, a shipping unit for the transport of spent nuclear fuel consists of a cask and shipping
space in the form of a container and hermetically sealed cases [11]. The cask is a thick-walled, sealable
vessel which performs the function of a biological shield and which confines the activity under any foresee-
able shipping conditions., The shipping container is a multiregional container which provides fixed geo-
metric arrangement of spent fuel-element assemblies or of hermetically sealed cases containing -spent as-
semblies under any foreseeable shipping or storage conditions and which simplifies the technical operations
during loading and unloading of the cask.

The hermetically sealed cases are containers into which spent assemblies with damaged fuel-element
cladding are placed. They prevent spread of activity into the internal cavity of the cask or into a storage
area.

As necessary, the cask is supplied with a system for monitoring parameters in the internal cavity of
the cask (temperature, pressure), with systems for neutralization or combustion of hydrogen formed in
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the internal cavity of the cask because of radiolysis of water, and with other devices.

The final design of a shipment unit depends on the technical and physical characteristics of fuel-
element assemblies subject to shipment, on the packing regulations of the nuclear power station and the
processing plant, and on the type of transport used.

Railway transport is mainly used in the USSR for the shipment of spent nuclear fuel as the most
logical for large distances. In addition, spent fuel can be shipped by rail in very massive containers and
a large number of shipment units can be transported on a single trip.

In the shipment of spent fuel from SEV member-countries to the USSR, special equipment is set up
at border stations for shiftihg railway cars from 1520-mm track to 1435-mm track and vice versa; con-
siderable experience has been accumulated in the performance of such operations. :

The railway container car (Fig. 1) is a special railway car 1 with a body 2 in which the cask 3 is
placed. The body is supplied with a heating system 4 and in it instruments are installed for monitoring
technical parameters of the cask (temperature, pressure, hydrogen content) along with other special equip-
ment. For insertion and removal of the cask, the body has a roof which opens.

Figure 2 shows a cask for the shipment of spent fuel-element assemblies. The cask material is
carbon steel and the internal lining is made of stainless steel. The cask body is finned, which softens the
shock from a fall and increases the surface area for hot removal. Special pins are provided on the body for
moving the container. : '

Table 2 gives the characteristics of some shipping casks intended for rail transport which were de-
signed and built in the USSR and SEV member-countries. For comparison, specifications are given for the
[E-300 cask of the General Electric Company (USA) [10].

Figare 3 shows the container which is a cylindrical shell with a gridwork which ensures a fixed ar-
rangement of the cases containing spent fuel-element agsemblies. Capacity of the container is 30 cases.
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ABSTRACTS

TOTAL STABILITY OF A NUCLEAR REACTOR WITH -
CONNECTED CORES

N. A. Babkin C UDC 621.039.51

This paper, based on the second method of Lyapunov and the decomposition method [1], investigates
the stability of the stationary operation of a reactor with connected cores, assuming not only a weak con-
nection between cores as in [2] but also a strong one as in [3]. The dynamic equations for describing this
reactor can be written in the form -

. M
np=Fy (M, 24y -« -5 Zarye) +_§k“h1 (rr — 1y (8 — Try) — Pny (g (£ — Taj)]5
7
Zihk=¢ihh(nk5 Zyh,y -'-’Zth)’ k=1~ "‘7*M; ih=1’_---» Mh- . (1)

Here ny is the relative power displacement of the k-th reactor core from its stationary level; the variable
zjkk characterizes the concentration of radiative delayed neutrons, the temperature of the different com-
ponents of the k-th core, control effects, ete. ; @yj is a constant that is proportional to the neutron inter-
action factor between cores with numbers k and j; the Tkj are the delays.

It is assumed that the necessary conditions of smoothness are satisfied for the nonlinear functions
Fy, ®jkk, and §y, which ensure the existence, uniqueness, and continuity of solutions for the connected
system (1). Furthermore, the correlation:

Foninj (g5) | <Sers| qsls By F=1. ...,

M, ...j=k, (2)

is satisfied for the function ¢ ky’ where Ekj isa nonnegative number, and qj = 1y (t—Tkj).

As is customary in problems of this kind, we consider Fi(0) = ®,1k(0) = wk]-(()) =0, i.e,, the origin of
the system of coordinates

ny = zikh =0 . (3)
is the equilibrium state of the system (1),
It is evident that when ayj = 0, system (1) breaks down into M isolated subsystems

o= Fry Zigp =i, k=1, ..., M; @
ik=1, Mk.

The following théorems have been proved:

THEOREM 1. For any oy > 0 and Tkj = 0 the equilibrium state (3) of system (1) in the case of weakly
connected cores (zl)kj = 0) is "totally" asymptotically stable, if there exist for each of the subsystems in Eq.
(4) an infinitely large Lyapunov function which is positively defined throughout all phase space in the form
Vi = vik(ng) + vok (Z1ks - - - » zpK) and in addition the inequality 0 = dvik/ dnk/ny < 8 = = is satisfied.

THEOREM 2. Let the function YUkj satisfy correlation (2) and each subsystem in Eq. (4) be subject
to the conditions in Theorem1, then for any arbitrary (Vi) () the evaluation :

Translated from Atomnaya Energiya, Vol. 39, No. 1, pp. 48-53, July, 1975.

©1976 Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part of this publication may be reproduced,
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming,
recording or otherwise, without written permission of the publisher. A copy of this articie is available from the publisher for $15.00.
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My

Vi) < — o a2 — Sl ik | Zin |5
= .

k=1, ..., M,

will be true, in which vk and @ik are positive numbers. If the inequalities yk/ék >Z Ejs k=1, » M;
j = kare satisfied, then for all akj > 0 and Tkj = 0 system 1) w1th nonlinear delayed connectxons is "totally"
asymptotically stable.
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FREQUENCY CRITERION FOR THE STABILITY OF A
CIRCULATING-FUEL REACTOR ' '

V. D. Goryachenko and V. V. Mikishev UDC 621.039.514

Frequency criteria for reactor stability have been obtained only for fixed-fuel reactors. We propose
a frequency condition for the asymptotic stability of a circulating-fuel reactor. As initial equations we take
the kinetic equations of a circulating-fuel reactor from [1] and the linear feed-back equations in integral
form. Proper transformations reduce the initial system to a single nonlinear integro-differential equation

\%: —(14x) 5 f('r—-u)x(u)du—%v—%i[g,-x—— S k; ('r—u).z(u)du], (i)

in which x is the relative deviation of the reactor power, 7 is the time measured in fractions of T*, the
transit time of the fuel through the core, Bj and ¢j are the fraction and the importance [2] of the i-th group
of delayed neutron emitters, B = E Bi, v = l/BT*, I is the neutron lifetime, f(r) is the kernel for linear
feedback which can be either 1umped or distributed, and the kj(r) are the kernels generated by the equations
for delayed neutron sources.

The steady state of a circulating-fuel reactor is described by the solution x = 0 of Eq. (1). We denote
by Kj(p) and F(p) the Laplace transforms of the kernels ki (7) and f (r}). On the basis of the results of [2, 3]
we prove the following. Suppose the function F(p) has no poles for Rep = 0 and F(0) > 0, and for all real
values of w the inequality

Re gf"“” -0 @)
vp+ ) —El‘[gi”‘Ki (p]

is satisfied.

Then the zero solution of Eq. (1) is asymptotlcally stable for all initial condmons.

. This statement is analogous to the criterion obtained in [4] for fixed-fuel reactors and lumped hnear
feedback.
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ESTIMATION OF THE EFFECT OF PHYSICO-GEOMETRIC
FACTORS ON THE DISTRIBUTION OF DELAYED
FISSION NEUTRONS IN A BOREHOLE

Yu. B. Davydov UDC 550.835

In order to determine the uranium content by delayed neutrorns, the fission reaction of natural uran-
ium nuclei under the action of primary neatron radiation is used [1, 2]. The purpose of this paper is to
estimate the effectof physico-geometric factors on ‘the distribution of delayed fission neutrons in a borehole.
A quantitative estimate of the effect of the hole diameter and the water saturation of the breeding medium
on the distribution of fast and thermal delayed neatrons is obtained by a humerical method.

The problem is solved concerning the distribution of delayed fission neutrons, induced by a point
source of fast neutrons in a two-layered infinite medium with a cylindrical boundary of separation.

The calculations are carried out for the case when the breeding medium is composed of porous rock
of carbonate composition, the pores are filled completely with fresh water and the content of natural uran-
ium in the rock is constant. The energy of the primary neutrons from the source is assumed equal to 14.1
MeV.

The results of the calculation allow the following conclusions to be drawn: the flux of fast delayed
neutrons decreases monotonically with increase of the hole diameter for probes of any length; the nature
of the effect of the hole diameter on the magnitude of the flux of thermal delayed neutrons depends on the
length of the probe. In the region of small probes of i = 20 cm, an increase of the hole diameter causes
a decrease of the thermal neutron flux. In the region of large probes, an increase of the hole diameter
leads to the appearance of a local flux maximum of thermal delayed neutrons, which is attained when the
depth of the water layer in the hole is equal to 2 to 3 cm. With further increase of the hole diameter, the
buildup process is replaced by a process of absorption of thermal neutrons in the water and the flux de-
creases.

An increase of the moisture content of the breeding medium leads to a reduction of the flux of de-
layed fast fission neutrons in the hole. The nature of the effect of water-saturation of the rock on the
magnitude of the thermal delayed neutron flux depends on thehole diameter and the length of the probe. In
the region of small probes, the magnitude of the thermal neutron flux decreases, for large diameters,
with increase of the water-saturation of the medium and has a local maximum for small hole diameters
when the moisture content reaches 10-20%. For large probes of I = 30 cm, an increase of the moisture
content leads to a monotonic reduction of the magnitude of the thermal delayed neutron flux for any hole
diameter.
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SPATIAL DISTRIBUTION OF FISSION NEUTRONS IN
A BREEDING MEDIUM, CROSSED BY A DRILL HOLE

Yu. B. Davydov UDC 550.835

The solution is considered of the problem concerning the spatial distribution of fission neutrons, in--
duced by a point source of fast neutrons in an infinite homogeneous uraniferous medium, crossed by a drill
hole [1-4]. '

The numerical calculation is carried out for the case when the breeding medium is composed of a
dense rock of carbonate composition containing uranium ore of natural isotopic composition and with a
density of the medium of 2.7 g/cms. A source of primary neutron radiation is located in the hole, filled
with fresh water — a borehole generator of neutrons with energy equal to 14.1 MeV. The initial energy
of the prompt fission neutrons is assumed to be 2 MeV and the neutron yield 2.5 n/event.

In order to estimate the effect of the hole on the magnitude of the flux of fast'<I>z1k(r, z) and thermal
®,k(r, 2z) fission neutrons, the results of the calculation are presented in units of magnitude of the fast
&,y (0, 0) and thermal ®,,(0, 0) fission neutron fluxes in an infinite breeding medium, in the case of a
negligibly small effect of the hole.

The spatial distribution of the flux of fast and thermal fission neutrons is shown in Fig. 1. The re-

|‘ sults of the calculation confirm that the fission neutron flux reaches a maximum magnitude in the breeding
' medium in regions subjected to the most intense irradiation. The moderation length of the fast neutrons
exceeds the diffusion length of the thermal neutrons, and therefore data concerning the moderating proper-
ties of the breeding medium are obtained from the more distant regions. '

Fig. 1. Spatial distribution of the flux of fast and ther-
mal fission neutrons in units of the maximum flux mag-
nitude in an infinite breeding medium: a) ®y4k(r, z)
/@5 (0, 0); b) Pypk(r, z)/P9(0, 0).
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VARIABLE MECHANICAL STRESSES, INDUCED
IN THE FUEL ELEMENT CLADDINGS OF THE IBR-30
REACTOR BY POWER PULSES

V. S. Dmitriev, L. S. Il'inskaya, UDC 621.039,55:621.039.526
G. N. Pogodaev, V. V. Podnebesnov,

A. D, Rogov, V. T. Rudenko,

and O. A. Shatskaya

During the development of power excursions, the active zones of pulsed fast reactors and boosters
are subjected to the action of thermal shocks. This phenomenon, due to exceeding the rate of rise of tem-
perature above the rate of expansion of the material, is accompanied by the stimulation in the fuel elements
of alternating deformations and stresses, which are transmitted to the claddings and supporting structures
of the core [1]. The action of the thermal shocks is aggravated by their high repetition frequency, which
creates an accelerated wear of the active zone elements due to material fatigue. Damage of the fuel ele-
ments might also occur when the tensile strength is exceeded, either during a single power pulse or from
wave interference from the stresses of several pulses in the case of a too high repetition frequency.

On the pulsed fast reactor (IBR) of the Joint Institute of Nuclear Research in Dubna, this phenomenon
has been investigated over a number of years for the purpose of fmdmg the opﬂmum fuel element design
and for-determining the permissible pulsed loading (2, 3]. . :

The paper describes the procedure and gives the results of measurements of the alternating me-
chanical stresses which are induced by power pulses in the fuel element claddings of the IBR-30 reactor.
The relative deformations were determined by means of high-temperature wire teaso-resistors with a
base of 10 mm. Wire with a diameter of 30 4 made of NM23 X 10 alloy is used as the material for the
tenso-sensitive lattice and VN-15T organo-silicon cement is used as the binding and insulating material.
The principal measurements were conducted during operation of the IBR-30 in a cycle of widely-spaced
pulses at a repetition frequency of 0.2 Hz and an average reactor power of up to 15 kW. Longitudinal and
transverse oscillations were detected, with a frequency of ~5000 and ~1000 Hz respectively (Fig. 1).

The amplitudes of the oscillations increased with increase of the pulse energy, and the time of damping did
not exceed 10 msec. With power pulse energies of 2- 10!° fissions (average rise in temperature of the
plutonium fuel elements of the active zone was 20°C per pulse), the maximum stresses in the cladding,
created by the longitudinal and transverse oscillations amounted to 7-10°% and 5+ 10° N/m? re spectively.

AflAnn e A fa)
3 v {TARLVA A Al "V ad

Fig. 1. Signals from the tenso-resistors
installed on the cladding of a fuel -element
N : of the working fuel assembly; below: pulse

] \J\/\MMNMMN\AW power. The pulse energy was 2 -10% fis-

sions; pulse frequency 0.2 Hz.
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CORRECTION OF THE GROUP CONSTANTS BY THE
RESULTS OF EXPERIMENTS ON THE BFS
CRITICAL ASSEMBLIES

A. A. Van'kov and A. I. Voropaev : UDC 621.039.519

The following problems are considered in the paper:correction of the group constants on the basis
of integral experiments on critical assemblies (measurements of the ratio of the average cross-sections
of different reactions and the ratio of the reactivity of samples at the center of the active zone for three
BFS assemblies); determination of the constant error of the principal characteristics of a fast reactor
of the OK-5 type (parameters ofcriticality and breeding, reactivity coefficients) before and after taking
account of the ihtegral experiments; determination of the bias of the numerical values of these character-
istics, due to taking account of the integral experiments.

A statisfical method has been used for the correction, in linear approximation, of the coefficients
of sensitivity. Part of the results obtained is given in Table 1.

The conclusion consists in, the following: the bias of the constants with a correction based on the
integral data, depend significantly on the assumptions about the dispersions and also on the form and mag-
nitude of the initial correlations for both the group constants and the integral data. In order to obtain
physically plausible results of the correction, it is important to estimate correctly the error of the group
constants and of the integral quantities associated with the approximations of the numerical model (re-
quirement of adequacy of the conditions of the calculation and of the experiment). Taking account of cor-
relations between the measured quantities is of considerable importance. The bias in the calculated

reactor parameter is stable, if the choice of the integral quantities is sufficienily informative relative to
this parameter.

TABLE 1, Bias and Error Keff of the Total Coefficient of Breeding KB and of the active
zone KBaz, thé Doppler (DKR) and Sodium (NKR) Coefficients of Reactivity

— BFS-22¢ | BFS-23* | BFS-277| — ORsf

Keff KBy, Kegf KBaz | Kegf Keff | KB | DKR ~ NKR
o, % 1 55 | 3,7 9,2 41 4,2 6,2 80 60
an % 0,9 4ok 1.4 5.3 1.5 1.6 44 50 55
8, 9% 0.0 | —4.5 1.8 | —8.5 2.7 3.8 —6.0 35 15

* Model of fast reactor with uranium (BFS-22) and plutonium (BFS-23) fuel,
T Assemnbly without U-238, with large dilution with graphite,

I Breeder-<reactor with oxide fuel, volume of active zone 5 m®, Calculated values: KB = 1.39; DKR = = 4.4.1¢7%
(AKetE«/AT), T from 900 t0 1500°K; NKR = 1.1% (AKeff/Kefp) with 50% of sodium rernovedfrom the reactor,
og and g are the errors, with and without taking account of the integral experiments respectively;

8 1s the bias relative to the values calculated by the BNAB=70 systémi of constants; BFS = Fast Physics Assembly.

Original article submitted August 23, 1974.

THE INFLUENCE OF BEAM NOISE ON THE CRITICAL
CURRENT OF LINEAR ELECTRON ACCELERATORS .

I. N. Mondrus - ‘ : ' UDC 621.384.64

This paper deals with the development of the transverse beam instability in a single section of a
linear electron accelerator, taking into account the fluctuations in transverse displacement Y;(s) and
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transverse velocity Y,(s) of the center of mass of the beam bunch. At the section input the time-series
Yi(s), Yy(s) constitute a normal stationary process and are described by the spectral density matrix f(w).
The variance ¢%n and the mean Kp of the transverse displacement of the n-th bunch at the section output
(Yn) can be expressed by the elements fj(w) of this matrix and the fundamental solutions of the transverse
instability problem n4(s), n5(s) by the relation [1]

Y"=§o [Yi(s) M (n—s8)+ Y, (s) 1y (R—9)].

The probability that the displacement of the last (n~th) bunch in the pulse does not exceed the section
aperture a at critical current is given by

P(|YVal<a) =¥ (25t ) 4w (2n )y,

On

where ¥ is the normalized Gaussian distribution function.

Assuming that the effect of the bunching part of the accelerator is to average out the shot noise of the
gun over phase angle the coefficients fjk(w) are constant over the entire frequency. If in addmon the noise
amplitudes Ajy = f;) (v) satisfy the inequality

(2 Yia 1) <—a 185 Ain,

the critical current is determined only by input noise level, _in agreement with the results of Kramskoi et
. [2]. Here a is the growth increment of the instability, Yl is the average value of Yj; 1/T, = f, is the
bunch repetmon frequency, a4 = 1 and a, is the time of flight of a bunch through the section.

We have considered the possibility of increasing the critical current by noise suppression at the
section input., It is shown that the reduction of noise in a narrow band around the resonance frequency fp
= fy;—1, (f; is the instability frequency) increases the critical current 5 to 7%. The critical current can
be increased to a larger extent by noise suppression in the entire frequency band, e.g., 45 dB noise sup-
pre ssion doubles the current.
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MODEL OF GROUPING OF LOW ENERGY TRANSFERS
IN CALCULATING ELECTRON FIELDS BY THE MONTE
CARLO METHOD ‘

A. V. Plyasheshnikov and A. M. Kol'chuzhkiﬁ UDC 539.121.72

The calculation of electron fields by the Monte Carlo method is now most frequently carried out in
the fragment of catastrophic-collision models [1, 2]. The scheme suggested in the present article is based
on a synthesis of these two models. The generation of fast secondary electrons and the emission of high-
energy bremsstrahlung quanta are simulated as in the catastrophic-collision model, whereas collisions
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involving low energy transfers are grouped. Too large paths between catastrophic collisiong are treated
as in the fragment model, i.e., are fragmented into smaller parts to which the regular multiple- scattering
theories can be applied. :

To speed up calculations, the fluctuations of electron energy loss in noncatastroph1c collisions are
taken into account. This is done in accordance with the Vavilov distribution [3] obtained and tabulated in
[4]. The fact that electron paths between nodes of the enclosed trajectory are not straight as a result of
multiple scattering is allowed for with greater precision. The longitudinal component of the radius vector
joining adjacent nodes of the enclosed trajectory is drawn from the Jang—Spenser distribution [5, 6] tabu-
lated in {4], whereas the transverse component is taken from the Fermi distribution [7]) in which the exact
second moment [8] is used.

The Goudsmit—Saunderson distribution [9] is used for drawing the electron multiple scattéringangle.

Application of more precise distributions of the multiple scattering theory and high calculations speed
made it possible to carry out the calculations in three-dimensional geometry. Similar calculations have
been carried out before in a continuous-deceleration approximation only [10, 11]. The analysis proved that
the continuous-deceleration approximation is applicable to depths less than one half of the total electron
range.
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LETTERS TO THE EDITOR

USE OF A 252Cf FISSION CHAMBER IN CERTAIN
PHYSICAL MEASUREMENTS

V. F. Efimenko, V. K. Mozhaev, . UDC 621.039.51
and V, A, Dulin

In recent years californium neutron sources have been more and more widely used in experimental

reactor physics. A number of useful quantities can be measured using fission chambers with a layer of

B2Cf,

The block diagram of the experiment (Fig. 1a) is described in [1, 2]. When the fission chamber and

'detector are outside any medium the distributionobserved in the analyzer (Fig, 2a) canbe writtenin the forms:

4 a
a Npeak
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A t
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BD TA el g =
L=~ H
<] 3] i
| SRR | 5 2 i
= Z
[ — O] I ] ! !
128pusec g
a,
w
£
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] i il o

— 0 40 80 X
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Fig. 1 Fig. 2

Fig. 1. Block diagram of experiment: C) fission chamber with a layerof
252Cf; FEU) neutron detector; A) amplifier; ID) integral discriminator;
DL) delay line (passive); TA) time analyzer; BD) blocking device ensuring
that the interval between starts of the TA is not less than the time scale
of the analyzer (controlled from TA).

Fig. 2. Time distribution of neutrons: a) chamber and detector outside
any medium; b) chamber and detegtor in reactor.

Translated from Atomnaya Energiya, Vol. 39, No. 1, pp. 54-56, July, 1975, Original article submitted

July 1, 1974; revision submitted January 24, 1975.
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TABLE 1. Experimental Values of ¢ and "~ QNgen
o — At 1— X
Q, Fissions/sec aTTN,) AV (1—er+¢
Measured vai | Method of measure- X {1 —exp| _Nf (t— 1)) tmeas
quantity alue ment Nit)= < (1)
‘ Nyen §(t—1)+ AtQ) ¢

&y 0,946+-0,003 n-f coincidences [ 2] an[ (t—1)+AtQ) teas

ef 0, ,948-0,0018 Eq. (3) [1] 1>

e 0,947-£0,002 Eq. (4 - \ 2>T,

d 3, 1213%0, 008)-10% |Eq. (6

where §(7—t) is the Dirac delta function, Q is the activity

of the 2%2Cf layer in fissions/sec, & is the efficiency of

TABLE 2. Experimental Values of 3 .
pert P/B; £g» recording fissions, N, isthe rate of counting recorded

and 1 i fissions, €, is the neutron counting efficiency of the
Method of measuring p/8 i detector, taking account of geometry; T is the time scale
_ "cfchamber eg 195 | | psec ' of the analyzer TA (Fig. 1), At is the width of a TA
Rod drop | o~ thod {ntegral channel, v, is the average number of neutrons per fis-
me method sion of 252Cf T is the delay time, tyeag is the time of the
0.418:0008] —  042:60.008| 1512005 10,204+-0,01 measurement, Ngt 'mf/ (1 + TNf). We neglect the delay
1,15401 | 1.12:0,03[1,092£0,05 |1.380£0,036{0,290+0,01 neutrons emitted by “*“Cf. If the apparatus is connected
2,800 3:33?23:33 g‘g’gigg Oféggi8:8?7 81383';8:81 as shown in Fig. 1b, then after correcting counting errors
— 3,900,12|3.96+0,15 | 1,60:-0,05 10,2914-0,01 in the analyzer
N ¥ . e v,
peak™ (‘Fﬁ‘?ﬁ)‘ meas”'2 m ‘meas® (2)

A number of quantities can be determined from the measured distribution (1): a) the efficiency of the
fission chamber & when it is close to unity

t=T g 2 "
or
NpeakNs /
8= b (4)
! Nszeak
b) the width of the time analyzer channel
N
A= ——2— ' (5)
| Tl ®
c) the absolute fission rate in the chamber
. N . - . ‘ \ .
Q=% : o (6)
peak

Table 1 shows the results of measuring &¢ and Q by various methods. The measured value of the
channel width of the AI-256 analyzer is At =1,0010 + 0,0012 psec.

The %52Cf fission chamber placed in the reactor and connected as shown in Fig. la gives the distribu-
tion shown in Fig. 2b on the analyzer. Within the framework of the elementary point model of reactor
kinetics with a single effective group of delayed neutrons this distribution can be found by substituting the
expression for the external neutron source S(t) obtained from Eq. (1) into the kinetic equations [3]

vaQ {1 —esexp[— N;(t—1)]},
S(t)= t<<; . (7}

va [8 (v—1) + 01, t>.

Solving the kinetic equations we find that after subtracting the steady background from the spontaneous
reactor sources N, (Fig. 2b) the distribution has the form

ONgvaeq 1 Y )
EsTP) W—m"‘exl)[—fvf(f—t)]} Attmeag E<<T
V(t)= 8
Nivneq
T \ T Sl (t——'c)] 4= }Attmeas t>1,
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where k is the effective neutron multiplication constant, g is the effective fraction of delayed neutrons,
is the prompt neutron lifetime in the reactor, g4 is the efficiency of the detector when located in the reactor,
determined by the ratio of the detector counting rate to the rate of production of neutrons in the reactor,

p = (1=k)/k; @ = [1—k(1—p)]/I. The extrapolated background to the left of the peak for t —7_, is

Qzef"ned 1 ef
Ny= {1+TNy) [’E.‘ k(p-- B+ Iy ]A”meas (9)

The background to the right of the peak for t -« is

Q%fVned
Nﬂ=mmt_mea§ (10)
The area in the peak over the background on the right is
N i SOIN ()~ Nj dt = Qegvntal meas . (11)
peak™ 2 T TN k(B (1+ (Vy/a)]

T

Combinations of the quantities N 1; Ny, Npeaks and o obtained from the experimental distribution N(t)
give a number of physical quantities: a) the reactivity in units of 8

_ Ny L
pB=1/ [ox\fpeak[-lJr(A',/a)J 1] or

1 - Sj — i .
o =1 [ | (12)

b) the neutron lifetime in the reactor is determined from the decay constant ¢, the value found for the
reactivity p/B, and the calculated value of B; ¢) the efficiency of the neutron detector .

(N, — N (1 TN E{a-=~Ny)
gg = - TS or
d N Al peas

. _ Npeak(l - TN L (a=-Ny)

= (13)

Vi¥ntmeas

Table 2 lists the experimental values of p/B measured by various methods and also the values of [
and ¢, obtained with the 252Cf chamber for various conditions of the BFS-30 fast critical assembly [4]. The
errors listed in Table 2 are determined from the dispersion of the results obtained in series of several
measurements, and do not take account of the error in using the simple reactor kinetics model. The value
of kefr was established by the position of the regular controls. The subcritical 2.9 8 state was established
by placing absorbing boron rods in a row with the SNM-11 neutron detectors at a reactivity of 1,1,

In conclusion the authors thank Yu. A. Kazanskii, S. P. Belov, A. G. Shokod'ko, and V. G Kulebyakin
for their interest in the work and for helpful discussions. ' '
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ENERGY DISTRIBUTION OF NEUTRONS EMERGING
FROM BR-10 REACTOR CHANNELS

L. A. Trykov, V., P, Semenov UDC 621.039.512

and A. N. Nikolaev

During construction of the BR-10 reactor it becomes necessary to measure the spectra of neutrons

&(E) emerging from the core through channels B-3, B-2, and P-2, and the thermal neutron flux from chan-

nels T-4 and K-5. The measurements were made at low reactor power in a relatively small vy -flux, due

mainly to the residual activity of the reflector.

In the reconstfuction of the BR-5 reactor into the BR-10 the core was modified to use #°Pu as fis-

sionable material instead of U, In addition, the biological reactor shield was made thicker, and this
lengthened the B-3, P-2, and T-4 channels. '

The geometry of the experiment is shown in Fig. 1. The measurements were made with the center of
the detector 10-20 cm from the end of the channels. The neutron spectrum of the B-3 beam was measured

also at a distance of 3.7 m from the end of the channel.

& (E) was measured with a scintillation specti‘ometer having a 10 x 10 mm stilbene crystal [1] in the
neutron energy range above 0.2 MeV, an SEN2-02 neutron spectrometer with an SNM-38 counter operating

in the 10-20 to 700 keV energy range, and a multisphere neutron spectrometer consisting of five

P [z E3s

=

HMERTSARTAAFS I | ATV

Sphere with detector

Fig. 1, Schematic diagram of experinient. 1) graphite; 2) iron; 3) water; 4) nickel; 5)
polyethylene; 6) boron carbide; 7) concrete; 8) detector.

Translated from Atomnaya Energiya, Vol. 39, No. 1, pp. 56-60, July, 1975. Original article submitted

April 9, 1974,
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Fig. 2. Energy distribution of neutrons:
a) emerging from B-3 channel of BR-10
reactor measured by an SEN2-02
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TABLE 1. Values of Functions Fgy .. for Fluxes of Neutrons Emerging from Channels
- at a Power of 1000 kW with the Detector 380 cm from the Core Center

Eypye neutrons/cm’ - sec
Ethp MeV P-2 B-2 B-3 T-4 K-5
BR-10 BR-10 | BR-5 BR-10 | BR-5 BR-10 BR-10
10-6 6,1.107 6,7-109 3,64-109 7,7-108 - 4,0-107 2.4.1086
10-2 5,36-107 6,4-109 3,5-100 7,2-108 — — —

5.10-2 4,56.107 6,1-109 3,36-10°8 6,8-108 - — —

- 101 3,96.107 5,4.109 2,96-10° 6,5.108 4,1-108 — —

5-10-1 1,72.107 3,04.10° 1,66-109 4,8-108 2,8.108 — —

1 0,42-107 1,32.109 0,72-109 2,8.108 1,74-10¢ — -
2 0;204.107 0,40-109 0,22-109 1,4-108 0,71-108 — —
3 0,106.107 0,132-108 0,072-109 0-66-108 0,32-.108 — —

, 6 0,005.107 | U,0164-109 0,009.109 0,10-108 0,046-108 — —
Note 1. The error in F is generally no meore than 10-15 %, 2. The error in the fluxes of thermal neutrons
emerging from the T-4 and K=5 channels is 50=100%. The thermal neutron fluxes were measured with a DTN-1
detector.
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Fig. 3. Energy distribution of neutrons emerging from P-2 channel of BR-
10 reactor: a) general form; b) measured by SEN2-02 (+) and stilbene
erystal spectrometers (O). '

polyethylene spheres with a DTN-1 thermal neutron detector {2] operating in the range from thermal
energies to several MeV.

Since the B-3, P-2, and T-4 channels are 50 mm in diameter at exit, measurements with the large
spheres were made by successively displacing them relative to the opening of the collimator with a sub-
sequent integration of the number of counts over the whole volume of the sphere.

During the measurements the reactor operated at a power of 20-50 W. The energy distributions ob-
tained were normalized to a power of 25W. The energy distributions of neutrons &(E) are shown in Figs.
E/max

2-4. Table 1 lists the functions Fgy . = S 4(E)dE for various values of Egyp.
‘thr

The absolute neutron fluxes obtained with the stilbene crystal spectrometer are in error by 10-20%
for various neutron energy ranges, due mainly to inaccurate knowledge of the reactor power, *

*The errors in the neutron spectra are no more than 10-20% for E > 10 keV, and no more than 50-100%
for E < 10 keV,
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Fig. 4. Energy distribution of neutrons emerging from B-2, B-3, and P-2
channels of BR-10 reactor: O) data from [3]; —) our data.

The ¢'(E) spectra measured with the SEN2-02 spec~

> WE
%’ 5 trometer were calculated in relative-units and matched
E b =0 =5 with the #(E) spectra measured with the stilbene crystal
g E%ﬂ] EES spectrometer in the 0.3-0.7 MeV 2nergy range by in-
8 m":bp Aprn, —=Me == o
& B oy " tegral count. In this case the condition
EE ‘*’Wu%dp A
~ : & .~ 'n* 0.7 6.7 ‘
g d‘:{’éﬂm‘bﬂm&%ﬂ 5 D' (E) dE = 5 O (E) dE. 1)
8 0 “;'.. —= — 0.3 0.3
; EENR L F P :—-’ﬂ] =< is satisfied.
bl B (-] - 2
s 1 AR %3;:' v ‘"'";"'-.-....:m The functions $'(E) and &E) for the P-2 neutron
0'e S Y beam agreed to better than 5% for AF = 0.3-0.7 MeV.
- [+]
[ | ' L ‘ L T— " The functions &'(E) calculated from the expression
0 & 4z g5 865 Q5 g6 G7E MeV [1] ,
Fig. 5. Energy distribution of neutrons @' (B) =C[ d"; N (E)]

measured with an SEN2-02 spectrometer @)
with an SNM-38 hydrogen counter placed
with its axis perpendicular to (®) and

parallel to (O) the neutron flux.

x K (E) [neut;ons/cmz-lsec-Mer

were somewhat lower than &(E).

The spectrum of neutrons emerging from the re-

. flector of the reactor at zero power was measured with an
SNM-38 counter placed with its axis parallel to the perpendicular to the neutron flux. Similar measure-
ments were made behind a 30 ¢m iron shield. The results are shown in Fig. 5, from which it is clear that
the functions #'(E) measured at two counter positions have the same character but differ in magnitude by
about a factor of two. Hence it follows that the form of the function #(E) is obtained correctly for any
position of the counter, but the absolute neutron flux calculated from these data may be underestimated.
This is accounted for by the following way. The values of the efficiency functions of the hydrogen counter
are calculated from the total number of hydrogen nuclei in the SNM-38 counter volume. If the circuit for
identifying protons and electrons by pulse shape is turned on, as it was in our experiments, and the beam
of particles is incident along the axis of the counter, a fraction of the pulses formed close to the wall of
the proton counter has a longer rise time and is not recorded with the pulses from y-rays.
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The shapes of the neutron spectra ¢(E) for the B-3 beam from the BR-5 and BR-10 reactors joining
in the neutron energy range E,, = 6 MeV were compared (Fig, 2b). The slight differences in the spectra for
E, > 10 MeV can be accounted for by experimental errors and the difference in fissionable material in the
reactor cores.

Because of the good agreement in the shapes of the &(E) functions for the B-3 channel of both reac-
tors, the @(E) distribution for the B-2 channel of the BR-10 reactor was obtained from the &(E) data for
the BR-5 reactor by a simple scale factor determined from the B-3 neutron beam data [1].

Table 1 also lists the B-2 and B-3 neutron beam data for the BR-5 reactor scaled to the distances at
which the BR-10 measurements were made.

The éuthoi_‘s thank Yu, V. Fadeev foi‘vhelp ‘_in performing the measurements.
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TRACK DETECTORS WITH AN EXTENDED
RANGE OF MEASUREMENTS

L. P. Roginets, O. 1. Yaroshevich, UDC 539.107: 621.039.564
A. P. Malykhin, and I. V. Zhuk

The range of measurable track densities on the surface of a solid track detector is two ofders of
magnitude or a little more, and is limited at low track densities by the deterioration of the counting statis-
tics, and at high densities by the overlapping of tracks.

In order to encompass a broader range for measuring neutron doses or nuclear fission densities
people generally use a set of fissionable foils with various enrichments in contact with the detectors, or
process the detectors by a stepwise chemical procedure,

We have studied the possibility of broadening the range of measurements for one source, one detec-
tor, and one chemical processing. To do this we propose to use a track detector with a thickness less than
the maximim range of the fission fragments of the fissionable nuclei in the detector material. If the radia-
tion dose is large and the tracks on the front side of the detector facing the source overlap, the required
value is found by determining the track density on the back face, where it is very much lower, and multi-
plying it by the attenuation factor K, numerically equal to the ratio of the track density on the front of the
detector T! to that on the back T". The value of K does not depend on the neutron flux density or the ir-
radiation time, and can be measured beforehand with good accuracy for a given source and detector and a
given processing procedure. '

We used a rose polycarbonate film of the Makrofol type (~ CyyH,03), 1.73 ma/em? (~15 ) thick with
a recording efficiency of ~95% for fragments [1]. K was determined by placing a 5 x 5 mm Makrofol
detector in close contact with a 4 X 4 x 0.1 mm uranium foil enriched 6.5% in ®°U and irradiating it with
neutrons from the critical assembly of the Institute of Nuclear Power of the Academy of Sciences of the
Belorussian SSR. The detector was then processed for 30 minutes in 6.25 N NaOH at 60°C. The value oh-
tained was 11.0 + 0.3, which corresponds to a broadening of the range of measurable fission densities
{neutron dose) by approximately an order of magnitude. After additional etching of the detector in ten
minute steps in the same solution (Fig. 1) the value of K fell, mainly, apparently, as a result of the de-
crease of the thickness of the detector.

The value of K can be estimated beforehand in the following way. Let d; and d, be the thicknesses of
the source and detector, Ry and R, the average initial ranges of fragments in the source and detector, and
€' and e" the recording efficiencies for fragments on the front and back faces of the detector respectively.

K

nl
Fig. 1. Dependence of attenuation
factor on time of etching of detec-
tor.

0

7 ! i H !
30 40 50 t, min

Translated fromAtomnayannergiya, Vol. 39, No. 1, pp. 60-62, July, 1975. Original article submitted
September 23, 1974,
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Then K = (T'/T") = (N'e!'/N"e"), where N' and N" are

K-
ar respectively the numbers of fission fragments incident on
60[ the detector and passing through it.
40+ )

L If the recording efficiency is high (e' ~e" = 1) or the

detector is very thin (d; << Ry), €'/¢" ~ 1. In this case using
- the notation py = dy/ Ry and py = d,/ R, and the relations from
[2] for calculating N' and N" we obtain for p, < 1:
0E
Py for a thin source (d; = Ry)
or 1—-0.5
i = 2— '

r I ‘((—2':%)‘?— for Dyt pa>1
2 .

i ‘ for a thick source (d; = Ry), K = 1/(1—p,)%.

R S R R B Since the spectrum of the fragments incident on the

o4 42 03 o4 &5 G5 47 08 O detector is harder than the spectrum of fragments passing
Fig. 2. Attenuation factor as a function through it, €' > €"; and therefore the true K must be some-
of the thickness of track detector (p, what larger than the calculated value. However, for long
=d,/ Ry) for various source thicknesses etching times the decrease in the thickness of the detector
p; when g'/e" = 1: 1-6) p, = 0.001, 0.1, can lead to a decrease in K to the calculated value or even
0.3, 0.5, 0.7, and = 1,0 respectively. lower (Fig. 2).

The average range of unattenuated fragments in
Makrofol calculated for our case according to [3] is 2.49
mg/cm? (~22.2p), and the value of K calculated by the above formulas is 10.8 for d; >Ry, which is in good
agreement with experiment, It is important that in using a thick source K does not depend on d; and R;.

1t is clear from Figs. 1 and 2 that K can be varied by choosing the thickness of the detector, and to a
lesser degree by the chemical processing procedure. The recommended values of K are from 3-5 to 30-
50, For K < 3 the detectors are too thin for convenience and the effect is rather small; for K > 50 varia-
tions in the thickness of the detector have a large effect on K.

For K > 10% a discontinuity can exist between the two subregions of the sensitivity of the detector
on the front and back faces with the width of each slightly more than two orders of magnitude in track
densities.

~ Such detectors and dosimeters with an overlapping range of measurable nuclear fission densities of .
3-4 orders of magnitude for the same processing procedure or 5-6 orders of magnitude for stepwise etch-
ing may turn out to be useful in measuring the spatial distribution of neutron flux density in recording
events from an a priori unknown radiation dose as, for example, in the role of emergency dosimeters etc, .
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y-DETECTORS OF THE RADIATION TYPE
BASED ON "PURE" GERMANIUM

Levinzon, N. B, Strokan,

V. K. Eremin, E. P, Dudnik, UDC 621.315.592
D. I.
N. I. Tisnek,and O. P. Chikalova

The recent development of semiconductor radiation detectors has increased the interest in materials
with concentrations of uncompensated impurities INp—N A' = 10%cm™3, Such small concentrations can be
achieved by extremely high purity of the material or by using various compensation methods. The first
way was used in [1, 2] to obtain germanium with INp—Nyl =~ 101%em™3, Among the compensation methods
doping with Lit* ions [3] and "cold doping" [4] lead to detectors which do not require continuous cooling

even in storage. We describe the possibilities of cold doping by the example of germanium with Np—Ny
~ 101 em-3,

To obtain a detector with a large sensitive volume and a high resolving power by cold doping the
impurity composition of the starting material must be such that in the compensation radiation defects are
produced with rather deep acceptor levels, and the undesirable decompensation in a strong field region
must be eliminated [5, 6]. If levels arise which can give decompensation it is necessary to achieve concen-
trations of radiation defects in which they are not filled by electrons. In addition the material must be very
homogeneous to eliminate np conversions during compensation in certain regions leading to a sharp in-
homogeneity of the field [7]. ' ' ' ’

Since the resolving power of a detector depends on the lifetime of nonequilibrium carriers, a certain
condition is imposed on the production of concentrations of centers introduced in the compensation (i.e. the
initial Np—Njp) and the capture cross sections of carriers. The system of radiation defects in germanium
irradiated by y-rays satisfies these requirements in principle [8].

We illustrate the above by the example of the use of sufficiently "pure" n-type germanium with a con-
centration of 3-10!! cm™, The material was obtained by the Chokhral'skii method in a "Redmet-4M™"

G nF
so-
401~
Jor-
AC, nF
201 20 ,
| 1 1 1 { i 0 | T VO N T R W AN S
07 8 9 10 ] 12 (7m0’ 934 038 842 hi,ev
Fig. 1 Fig. 2

Fig. 1. Temperature dependence of detector capacitance. Grid bias 30V,
frequency of probe signal 330 Hz.

Fig. 2. Change of capacitance of detector under external irradiation as a
function of y-energy. Grid bias 15V, frequency of probe signal 1 kHz,
temperature 78°K, irradiation time 15 min.

Translated from Atomnaya Energiya, Vol. 39, No. 1, pp. 62-63, July, 1975. Original article submitted
September 24, 1974,
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furnace using turbomolecular (TMN-200) and titanium (GVN-0.2) pumps ensuring a vacuum of 10-* mm Hg
in the furnace.

Zone-purified germanium with a resistivity at —78°C of more than 5009-cm was used as starting
material. This was obtained from the regulus and had a resistivity at room temperature of more than .
20 Q-cm. In the zone-melting process the starting germanium was further purified of admixtures of Si, C,
B, Al, etc. by the action of argon containing 0.02% oxygen on the melt [9].

The choice of crucible material is important. Sintered silicon dioxide turned out to be the best.
Single crystals were grown at the rate of 2 mm/min for rotations of the seed crystals at 60 rpm. The
germanium melt was degassed at 1200°C for 30 min, and then the temperature was lowered and the crystal
was grown under dislocation-free conditions; i.e. seeding was performed by the Dash method, and the growth
" angle of the crystal did not exceed 60°,

In compensating the conductivity the sample was irradiated with such a dose of y-rays that a concen-
tration of ~10!° em-? remained in the conduction band. In principle this permits a domain of the field ~5
mm with dislocations of about 300 eV, analogous to the case of superpure germanium,

To investigate the levels arising in the forbidden zone during compensation, studies were made of
the changes in capacitance with temperature C(T) and with external irradiation C(hv). The behavior of C(T)
shows the presence of a level Eq = 0.27 eV for a concentration of 1.15- 10" ¢cm™ (Fig. 1). The photo~
capacitive measurements show the presence of still another deeper level Ey+ + 0.33 eV (Fig. 2). The posi-
tions of the observed levels are such that they cannot glve decomposition at the operating temperature of
the detector.

The stepwise behavior of C(T) shows also that during cdmpensaﬁon a p~type domain was not produced
in the sample, since the presence of a domain with n—p conversions would require C(T) to have a maxi-
mum.

The spectrometric characteristics of the detector are rather high. The resolution at the #9Co line
(1.33 MeV) is 0.24% for a 5 mm thick sensitive region. This resolution is only twice the limiting resolu-
tion determined by ionization fluctuations.

The effective capture cross section of holes determined from the collective component of the resolu-
tion is rather large (ggep = 3 - 108 ¢m?) but the concentration Np—Ny ensured retention of a rather long
lifetime.

The spectrometry of low-energy radiation in the 5-50 keV range has rece'ntly acquired special signi-~
ficance in connection with the rapid chemical analysis of materials. The resolution of 0.24% is uncondi-
tionally sufficient for these purposes since in the range indicated electronics noise contributes more than
1% to the resolution,

It can be expected that the purification of material up to Np—Ny = ~ 10" em for subsequent applica-
tion of cold doping is suffxc1ent to obtain detectors with high spectrometric characteristics, at teast for
soft radiation.
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COMPARATIVE CHARACTERISTICS OF NaI(Tl)
AND CsI(T1) DETECTORS

O. P, Sobornov and O. P. Shcheglov UDC 539.1.074

By comparing the characteristics and spectrometric parameters of similar sized detectors we have
determined the possibility of using CsI(Tl) detectors in research where NalI(Tl) detectors are ordinarily
used. Figure 1 shows the general characteristics of the temperature dependence of the light output (signal
amplitude) of detectors and scintillation blocks with NaI(T1), CsI(Tl), and CsI(Na) crystals obtained from
research [1] and an analysis of data [2-7].

TABLE 1. Spectrometric Parameters and Relative Photoefficiencies of NaI(T1) and CsI(T1)

Detectors
) Parameters of assembly Relative photoefficiencies for ga‘mma rays of energy Ey, MeV
Crystal size, mm i . 0,66 1,46 2,62
R | R | VxariVest Fy Fy Fr | F Foo | R
Nal (TI) 40 x40 8,1 8,7 2,0 1,0 1,00 1,0 1,00 1,0 1,00
CsI(Th) 4040 9,0 9,8 1,4 1,40 1,5 1,50 1,6 1,60
Nal (Tl) 63 x63* 7,5 8,3 2,6 4,6 1,00 6,0 1,00 6,4 1,00
CsI(Tl) 63 x63* 8,6 9,4 6,1 1,32 8,4 1,40 9,0 1,41
NaI(Tl) 76 x 76* 8,6 | 9,1 — 8,8 1,00 12,2 1,00 11,9 1,00
Csl(T]) 76 x 76* 10,3 11,5 11,2 1,25 16,4 1,34 16,6 1,38
Nal (TI) 80x 80 8,3 8,5 2,3 9,2 1,00 13,0 1,00 —_ —
CsI(Tl) 80x80 12,5 13,2 11,7 1,25 16,8 1,29 — —
* Scintillation blocks; explanations: given in text,
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Fig. 1. Temperature dependence of light output of detectors and signal amplitude of
scintillators: 1) NaI(T1) {3, 4, 5, 7]; 2) CsI(T1) [2-5]; 3) CsI(Na) [2,6]; 4) scintillation
blocks with Nal(T1) crystals showing limits of variation of characteristics [1].

Fig. 2. Scintillators with Nal(T1) and CsI(T1) crystals.

Translated from Atomnaya Energiya, Vol. 39, No. 1, pp. 63-65, July, 1975. Original article sub-
mitted October 11, 1974,

©1976 Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part of this publication may be reproduced,
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming,
recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $15.00.
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5 ) TABLE 2. Background Counting Rate
z _ (counts/min) in Various Energy Intervals
0,661 AE.Y ]
s * AE,, MeV
40— ﬁ ) . Block 0.1——-34010.1-—0,75 0,55—0,75; 1,35—1,55(1.7—2,0{2,5—3,0

_ : Sy {1446 11076,6 | 162,0 | 4,40 | 2,80 | 2,30
) Sy 1202 | 15,0 12,5 | 3,13 | 2.62 ] 1.85
SySo| 552 7,0 13,0 | 1,40 | 1,07 | 1,24

The photoefficiencies of the spectrometric detectors
were compared for NaI(T1) and CsI(TI) crystals of the com-

. monest sizes 40 X 40, 63 X 63, and 80 X 80 mm, In addition

scintillation blocks were used with 76 X 76, 63 x 63, and
40 x 40 mm Nal(T1), CsI(T1), and CsI(Na) crystals and an

! ' - FEU-110, FEU-93, and FEU "Comet" with a 40 mm multi~

alkaline cathode. Figure 2 shows the external appearance

of the scintillation blocks. All the measurements were made
on a low-background arrangement attenuating the radiation

) of the external medium by as much as a factor of 100 [8].

The spectrometric parameters of all the detectors were

determined on one FEU-110. The energy range of the in-

vestigation was 0.6-3.0 MeV. A point B'Cs y-source and

. L —— distributed sources of ¥'Cs, 4%K, and B2Th were used. In the

) a4 46 [ 10 12 ) . >

Ep, Mev latter case the containers with the sources surrounded the

Fig. 3. Spectra of the background of . detector being s-tuc.hed in a layer ~1_2 mm thick, producing
the v -spectrometer with seintitlation a flearly 47 radiation gz?ometry. This enabled us to deter.—
. mine the performance figures of the detectors under condi-

blocks using 76 x 76 mm Nal(T1) (1) and- ) . . . .

CsI(T1) orystals (2) and an FEU-110. tions Wthh‘ cl_os.ely rs:-sen.nble those in n}any geophy§1ca1 and
cosmophysical investigations. Table 1 lists the basic spectro-
metric parameters of the detectors being compared and

their relative photoefflclenmes obtamed by measuring the same distributed y-sources under identical con-

ditions. The errors in determining the photoefficiencies are due mainly to tolerances in the crystal sizes

(—1 mm for 40 x 40 crystals and —2 mm for 80 X 80 mm crystals) and are estimated as 10%. The errors

in measurements using scintillation blocks are no more than 3%. Since the detector parameters depend

on the radiation geometry [9], Table 1 lists the resolution R determined by the standard method (point

source of y-rays) and under "isotropic" radiation conditions (R"). The ratios of the signal amplitudes

VNal/V g show how much the signal amplitude from a CsI(T1) detector falls below that from a Nal(T1)

detector of similar size. The photoefficiencies were compared in the same energy intervals, including

the characteristic peaks of total absorption of y-radiation. The values of Fy given in Table 1 represent

the sensitivities of detectors of various sizes and types relative to the 40 X 40 mm NalI{(T1) detector, and

the values of F, characterize the photoefficiency of CsI(Tl) detectors relative to an NalI(T1) detector of the
same size,

20

Counting rate, Pulses/min

10

In measurements of low concentrations of radioactive elements one of the basic factors limiting the
sengitivity of the method is the intrinsic background of the y-spectrometer. Figure 3 shows spectra of the
background of the scintillation y-gpectrometer using 76 x 76 mm NalI(T1) and CsI(T1) crystals. Radiation
pure materials were used in constructing the blocks; the housing was made of oxygen—freé copper. The
elimination of glass used in ordinary detectors significantly decreases tae background by lowering the
contribution of 4°K. In addition to the contribution of direct and scattered radiation from natural radio-
active elements the background spectrum of the CsI(T1) crystal scintillator shows the clearly separated
peak of the ¥7Cs radioisotope, Table 2 gives the background counting rate with a CsI(T1) crystal (S;) and a
NalI(Tl) crystal (S;), and the ratio S;/S, for selected energy intervals.

Table 2 shows that the measured and intrinsic background of the block with the CsI(T1) crystal are
higher over the whole range of energies, particularly in the region below 0.75 MeV which includes the
B7Cs peak. Studies showed that 'Cs is present in various amounts in all Csl crystals of both domestic
and foreign manufacture. The ®4Cs isotope was not identified in the background spectra of unwrapped Csl
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crystals. These measurements were made using a block with NaI(T1) on which the crystal under investiga-
tion was mounted. However, the relatively high cross section for the capture of thermal neutrons (of cosmic
origin) with the formation of B34Cg (28b) and B4M(Cg (2.6b) [10] for the 76 X 76 mm CsI(T1) crystal may

causge a saturated activity of the order of 10 decays/min. The relatively high 8705 content can be accounted
for only by the contamination of the raw material by fission products. This limits the use of CsI detectors
in low-ground y-spectrometry in the energy range below 0.75 MeV. In some studies the 27Cs peak (661.6
MeV) can be used as a reference point for y-spectrometer stabilization systems.

The use of CsI(Tl) detectors in the 0.75-3.0 MeV energy range can be assessed by the criterion [11]
M = ke?/NyR,

where k is a coefficient of proportionality, € is the counting efficiency, R is the resolution, and Ny, is the
background counting rate. Comparing the average data obtained for 76 x 76 mm NaI(T1) and CsI(T1)crystals

we find that the value of M is 15% larger for CsI(T1) crystals than for Nal(T1). Therefore, in spite of the
somewhat worse resolution and larger measured and intrinsic backgrounds the CsI(T1) detector should be
preferred to the NaI(T1), particularly in analyzing a mixture with a simple isotopic composition (!°g, U
—Ra, %2Th), The advantages of CsI(T1) detectors increase as their size is decreased. The spectrometric
parameters of CsI(Na) detectors for the same counting efficiency are better than the spectrometric para-
meters of CsI(T1) detectors.

The authors thank L. L. Nagornaya, Ya. A. Zakharin, and A. L. Lifits for constructing the high-
quality detectors.
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CALCULATION OF BREMSSTRAHLUNG SPECTRA
AT VARIOUS ANGLES IN THE 1-30 MeV RANGE

V. E. Zhuchko and Yu. M. Tsipenyuk - UDC 539.124.17

The analysis of most experiments in which bremsstrahlung is used requires a knowledge of the y-
spectrum as a function of the energy of the incident electrons, the observation angle, and the target thick-
ness and material. A number of experiments have shown that the yield of forward bremsstrahlung is
largest for targets ~0.3 radiation lengths in thickness. The spectrum of the radiation from such a target
cannot be considered equivalent to the commonly used Schiff spectrum for thin targets, and in this case
special calculations are required. The radiation spectrum must be known not only in the forward direc~
tion, but also at various angles, since a certain range of angles is included in an actual experiment. Thus,
for example, it is shown in [1] that the calculation of spectra using only slightly different photonuclear
reaction cross sections leads to a broadening and displacement of the resonances, and to the appearance
of fraudulent peaks.

A formula is obtained in [2] for the forward bremsstrahlung spectrum from a thick target:

42y

n
dkdsz‘=z°""tNt%Z—Bu 1/ (MeV - s). - a

i=1

1°

3
S
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Fig. 1 Fig. 2

Fig. 1, Bremsstrahlung spectra at 0° from 20.9 MeV electronson

a target of 0.735 g/em? W + 7.72 g/cm? Al [6], and at angles of 0

and 12° from 9.66 MeV electrons on a target of 5.8 g/em? W [8].

Q) experiment; —) calculated; ----) calculated by approximating

the Moliére distribution by a Gaussian with the same 1/e width,

Fig, 2, Schematic represenfation of angles between directions of
motion of the electron, the emitted photon, and the primary beam.

Translated from Atomnaya Energiya, Vol. 39, No. 1, pp. 66-68, July, 1975. Original article submitted
October 18, 1974; revision submitted February 10, 1975.

©1976 Plenum Publishing Corporatioh, 227 West 17th Street, New York, N.Y. 10011. No part of this publication may be reproduced,
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfiliming,
recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $15.00.
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Fig. 3. Comparison of calculated (solid curve) and experimental
[7] bremsstrahlung spectra at angles of 0, 10, and 20° for 2.8 MeV
electrons on targets of a) iron (2,31 g/cm?) and b) aluminum (1,73
g/cm?). - |

Here n is the number of layers of the target, each layer assumed to have a thickness ~0.001 radiation
lengths; i is the number of the layer, . is the absorption coefficient for photons in the target material,
'ri(Te, @;) is the transport coefficient, i.e. the fraction of the electrons reaching the i-th layer, Te is the
initial energy of the electrons, N; is the number of atoms along the path of an electron after the i-th layer
(cm‘z), do/dk’ [(Te)i, di] is the elementary (inner) bremsstrahlung spectrum, where (Te)i is the energy of
the electrons in the i-th layer and di is the coordinate of the i-th layer. The angular dependence of the
elementary spectrum and the angular distribution of electrons after penetrating the i-th layer are assumed
Gaussian with mean square angles ({62)!/2 and ({(6%))!/? respectively. The number of photons emitted from
the i-th layer per unit solid angle at 0°1.e. the coefficient B, is
1 i g 02 1
B"=_—u(6§>i<9§)i ) '(S,‘ exp (_<T?>T) exp (\6—5‘,) 0dodp ~ @I

In contrast with [2] we used the Schiff integral spectrum [3] as the elementary spectrum since it
seems {o agree best with experiment, and we approximated the Moliére distribution by Gaussians having
the same 1/e width and the same half width {4]. According to Frank [5], starting with angles ((Gé))’/2 =30°
replacing the Gaussian by cos? 6 gives a better description of the angular distribution of electrons in the
diffusion domain. The spectrum of the forward radiation turned out to be insensitive to the choice of the
elementary spectrum. Approximating the Moliére distribution by a Gaussian with the same half width
rather than the same 1/e width gives better agreement with experiment (Fig. 1), and therefore we used it
in all the calculations. The calculated spectra agree with experiment to within ~10-15% over the whole
range of E, values and for electron energies from 1 to 30 MeV.

We modified this procedure for calculating the angular dependences of bremsstrahlung spectra,
In going to nonzero angles in Eq, (1) only the coefficients ¢; and Bj change; they depend on the angle of
observation # with respect to the axis of the electron beam. Since after the emission of a y-photon its
path length depends on the angle ?), the absorption of y-energy must be taken into account as follows:

(=p @) (D—d)

0 = exp 5
cos

where k is the energy of the y-photon, u(k) is the y-absorption coefficient, D is the target thickness and d;
is the length of the path traversed by the electron before the emission of a photon.

We now find the coefficient Bi(é). Suppose the electron moves at an angle 6 with the axis of the beam
and the photon is emitted at an angle § (Fig. 2). Then the angle ¢ between the direction of emission of the
photon and the direction of motion of the electron is
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Fig. 4. Dependence of shapes of bremsstra-
hlung spectra at angles of 9 and 26° from 15
MeV electrons on a 10,2 g/em? iron target
on boundary of diffusion domain. 1-4 cor-
respond to 45, 30, 25, and 20° respectively.
The points are values from. [9] increased by
a factor of three.
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By integrating over the angles ¢ and 6 we obtain the fraction of photons emitted per unit solid angle at an
angle § with the axis of the incident beam:

[

B:(®)=4 i exp (%’_) /(&) sin 60 d, ' @)

where for ((63);)"/% < 30° 1/A = % (62); (63}, and £(6) = exp (—62/¢63),), and for ((6),)'/2 >30° 1/A = (3/4)n*
. <612)>i and f(6) = cos? 6. ' '

Unfortunately there is much less experimental information on bremsstrahlung spectra at nonzero
angles from the forward radiation. In the 1-30 MeV range which interests us we know of only a few papers
[7-9] with which the calculations can be compared. As an example Fig. 3 compares calculated and ex-
perimental data for aluminum and iron targets for electron energies of 2,8 MeV [7], and Fig. 1 shows
bremsstrahlung spectra at 0 and 12° from a tungsten target for 9.66 MeV electrons [8]. Clearly, the cal-
culation gives an adequate description of the spectral shape at various angles.

Measurements of angular distributions of bremsstrahlung were recently reported in [9]. Unfortu-
nately these data were obtained by complicated processing of the activities of threshold detectors and
therefore are not certain enough. Our calculations give a good description of the shapes of the spectra
obtained in [9] (Fig. 4), but for all angles the calculated results are systematically about three timeshigher
than the experimental values. Since the radiation spectrum in the forward direction is not given in [9] it
is impossible to find the reason for these differences.

While the angle at which electron diffusion is taken into account has little effect on the results for
forward radiation, the spectrum of the radiation at nonzero angles depends strongly on the choice of the
boundary of the diffusion domain, and this difference increases with increasing angle (Fig. 4). It appears
that the best agreement between calculation and experiment is obtained by taking account of diffusion
beginning with angles ((9(23)1)1/2 = 30° as was done in calculating the forward radiation.
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MONOCRYSTALLINE FILMS OF GaAs AS
SPECTRAL DETECTORS OF X-RAYS AND
SOFT y-RADIATION

V. M. Zaletin, I. 1. Protasov, UDC 539.107.45
O. A. Matveev, P. I, Skorokhodov,
and A, Kh. Khusainov

The successes of recent years in growing relatively large, pure monocrystalline layers of gallium
arsenide have given reason to hope that this material might be used in spectral semiconductor detectors of
x- and soft y-radiation [1-5]. The basic advantage of these semiconductors over the presently widely
used germanjum and silicon is due to the fact that, because of the wide forbidden zone (EngTl =1.5eV,
EgGaAs = 1.42 eV at 300°K), gallium arsenide and cadmium telluride detectors can be used without extreme
cooling,

In order to manufacture practical GaAs detectors it will be necessary to obtain epitaxial layers of
thickness 1-2 mm with concentrations of residual electrically active impurities of less than 10%cm™3,

In the present article we describe the results of a study of pure gallium arsenide layers obtained by -
gaseous epitaxy and of the detectors made from them.

The epitaxial layers were grown in a Ga—AsCl;—H, system with high purity components. n+-GaAs,
doped with tin, tellurium, or silicon to a concentration of 2-4« 108 em™, was mainly used as a substrate.
A series of test layers were made on disks of sefniinsulating gallium arsenide. In all cases the substrates
were oriented parallel to a plane inclined 5° from (100) toward (111). The surface of the substrate was
carefully prepared by chemical and mechanical processing and gaseous etching [4]. By using purified ma-
terials and optimizing the growth regimes it is possible to obtain layers 50-150 microns thick with electron
concentrations of 10" to 103 cm=3, The electron mobility was 6000-9000 cm?/sec at room temperature
and 80,000-160,000 cm?/sec at liquid nitrogen temperature. The level of compensation in the layers was
0.5-0.9 and the overall concentration of ionized impurities (upper and lower) was less than 5- 104 em™3,

Mass spectroscopy of similar samples showed that the content of such impurities as Cu, Fe, C, S,
Cr, and Si is much larger (by about two orders of magnitude) than the concentration of the impurities as
determined by physical electronic measurements. This means that the majority of the impurities in the
layers are in electrically inactive, bound states, perhaps in the form of complexes, clusters, or the like.

Examination of the structural defects in pure epitaxial layers of GaAs with a type JEM-150 trans-
mission electron microscope showed that there is an almost complete lack of di slocations, packing defects,
or dislocation rings in them. The principal type of structural defect was rhomboidal laminar precipitates
oriented parallel to the (100) direction. The visible dimensions of these sheets were 500-5000 A ag deter—
mined by contrast. In this regard, it was noted that an improvement in the electronic properties of the
crystal corresponded to greater ordering of defects (with their number remaining roughly constant),

For layers 50 to 150 microns thick the transition region (the region with a nonequilibrium distribu-
tion of impurities between the layer and the substrate) was 5 to 15 microns thick and was determined
primarily by.the nature of the impurities in the substrate and by the gaseous etching arrangement. Figure
1 shows a profile of the carrier distribution in a layer grown on a tin doped substrate. The doping level
of the substrate was 2-10% cm-3,

Translated from Atomnaya Energiya, Vol. 39, No. 1, pp. 68-69, July, 1975. Original article submitted
October 24, 1974.

©1976 Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part of this publication may be reproduced,
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming,
recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $15.00.

646 : : -

Declassified and Approved For Release 2013/09/24 : CIA-RDP10-02196R000400060001-4




Declassified and Approved For Release 2013/09/24 : CIA-RDP10-02196R000400060001-4

-3

n, cm
7015: & eV
0oL
e
15| L ! I i - .43 1 J | |
0 0 20 30 40 Wa, & 100 0 00 250 T,°K
Fig. 1 : Fig. 2

Fig. 1. The distribution of the differential concentration of ionized impurities in a pure
layer of gallium arsenide (sample 216.21).

Fig. 2. Temperature dependence of the average energy of formation of electron-hole
pairs in gallium arsenide: The solid line corresponds to the calculated value according
to the formula ¢ = (14/5)Eg + r(1/h)w §, where rhwgz= 0.5 eV. The relation E (T) = (1.54-
36.7-107T) eV [7] was used for the temperature dependence of the width of the forbidden
zone, O are experimental values of the temperature dependence of the pulse amphtude
from 51Co gammas obtained with detector 242.2 1.

Detectors were made out of layers with carrier concentrations of 0.8-108 to 5-10® cm-3. The
working element was a p—n—n"* system in which the n—n* transition was made by growing a pure epitaxial
layer (n) onto a doped substrate (n*) and the p—n transition was made by vapor depositing a gold film. With
a working detector area of 3 mm? the reverse current was less than 2-1078A for voltages up to 100V.
The resolution for y-emission from the isotopes *'Co (122 keV) and #!Am (59.6 keV) was 4.3 keV and was
determined by current noise in the detector. As the working temperature of the detector was decreased
the half width of the lines was reduced and at a temperature of 260°K reached a plateau of 2.4 keV which -
lasted down to 77°K. Measurements of the average energy of formation of electron-hole pairs showed that
the temperature dependence of this quantity (Fig. 2) fits well the dependence calculated using Klein's
model [5] and is determined by the temperature dependence of the width of the forbidden zone in gallium
arsenide. In this case good agreement with experiment is observed if we take the minimum value (equal
to 0.5 eV) for the phonon logses. We may assume that in GaAs detectors minimum values of the Fano
factor and limiting resolution will be realized [6].

Our results show that over the temperature interval 77-300°K the role of charge losses in the resolv-
ing capacity and average pair formation energy is not appreciable. This is an indication of the high purity

"of the films obtained here with respect to recombination centers. The electron lifetime, as determined by

the amount of charge loss when detecting alpha particles, was = 1 usec. An investigation of the ¥ (57Co)
count rate as a function of temperature showed that the working volume of the detectors increases sub-
stantially as the temperature is reduced. This is due to the presence of compensating lower levels, If the
measurements are made when the working volume of the detector is in the space charge region of the sur-
face barrier transition then the concentration of the compensating lower levels can be evaluated as:

S1/Sy =Y Nq— N i(Wyg— Ny ,

where Sl and 8, are the counting rates at two temperatures, Ny is the concentration of ionized gases, N
and N are the concentration of ionized acceptors at the corresponding temperatures.

For the films studied here, the concentration of the lower impurity levels, which are filled in the
space charge region at temperatures below 220°K, were equal to half the differences in the impurity con-
centrations at room temperature.

In their physical electronic properties monocrystalline GaAs films grown by gaseous epitaxy are as
good as the best layers obtained by liquid epitaxy.

The authors thank S. M. Ryvkin for his interest in this work.

- 647

Declassified and Approved For Release 2013/09/24 : CIA-RDP10-02196R000400060001-4



Declassified and Approved For Release 2013/09/24 : CIA-RDP10-02196R000400060001-4
LITERATURE CITED

1. J. Eberhardt, D. Ryan, and A, Tavendale, Nucl. Instrum. and Methods, 94, No. 3, 463 (1971),

2. T. Kabayashi, et al., IEEE Trans., NS-19, No. 3, 324 (1972). -

3. - P. Gibbons and J. Hawes, ibid., p. 353,

4, V. M. Zaletin and V. 1. Zerkalov, in: Proceedings of VNIIGAK, Vol. 28 [in Russian], Novosibirsk
(1972), p. 69.

5, C. Klein, J. Appl. Phys., 39, No. 4, 2029 (1968).

6. G. D. Alkhazov, A. A. Vorob'ev, and A. P, Komar, Izv. AN SSSR, Ser. Fizika, 29, 1227 (1966).

7. O. Madelung, The Physics of A’B® Semiconducting Compounds [Russian translafon], Mir, Moscow
(1967).

648

Declassified and Approved For Release 2013/09/24 : CIA-RDP10-02196R000400060001-4




Declassified and Approved For Release 2013/09/24 : CIA-RDP10-02196R000400060001-4

DENSITY, SURFACE TENSION, AND VISCOSITY
OF URANIUM TRICHLORIDE —SODIUM
CHLORIDE MELTS

V. N. Desyatnik, S. F. Katyshev, » UDC 531.756:532.61,133
S. P. Raspopin, and Yu. F. Chervinskii

Fused salts are now finding increasing use in metallurgy, power engineering, etc. Information on the
properties of uranium trichloride —sodium chloride melts is scant [1,2}. We have investigated the tem-
perature dependence of the density (p), surface tension (g), and kinematic viscosity (v) throughout the range
of UCl; concentrations of the system NaCl—UCI;.

The density and surface tension were determined by the method of maximum pressure in a gas (argon)
bubble [3]. The viscosity was measured by a method based on an investigation of the damped oscillations of
a cylindrical crucible filled with the liquid under investigation and suspended from an elastic filament [4],
This is currently one of the best methods for investigating fused salts. The experimental procedure and
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Fig. 1. Density, surface tension, and adsorptmn isotherms and excess thermo-
dynamic functions of melts of the system UCl3—NaCl at 1123°K.

Fig. 2. Molar viscosity isotherms and activation energy of viscous flow of the
system UCl3—NaCl.

Translated from Atomnaya Energiya, Vol. 39, No. 1, pp. 70-72, July, 1975. Original article sub-
mitted October 30, 1974,
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TABLE 1. Density, Surface Tension, Molar Volumes and Their Deviation from Additivity
in the System UCl;—NaCl

ucl,, p-a st. Stax}da:rd o /o > cT, Starlldal.rd Tempera 1123 °K
molett g/cm deviation,| ™J/m deviation, | ture range,
0 -_— o -
a |b-10s |g/cm® o | c-108 {mJ/m? K V, cm®/mole |V, 4 cm’ /mole|AV /V .4, %

0,0 12,1352]0,5405] 0,001 |193,63| 74,03 0,02 1076—1273 38,30 38,30 0,00
14,4 12,9598 0,6673| 0,001 |165.34| 58,17 | 0,03 | 998—1167 45,08 43141 3.85
24,9 13,493810,7821| 0,002 |143,24| 40,64 0,05 900—1141 49,56 47,14 5,13
33,3 [3,860410,8371| 0,001 |143,22( 41,28 0,03 892--1142 52,62 50,13 4,97
40,6 14,196610,9072| 0,002 |138,35| 37,03 0,04 898—1137 54,92 52,72 4,17
49,5 (4,473810,9304] 0,003 |146,75| 44,2 0,03 951—1943 58,32 55,88 4,37
59,9 | 4,8964 11,0470 0,001 |154,99| 51,14 0,05 998—1148 61,74 89,58 3,62
70,0 15,2035(1,0504| 0,003 [160,34| 55,43 0,04 1041—1195 64,27 63,17 1,74
35,0 15,5847 11,0869 0,002 [171,06] 62,06 0,02 1096—1218 69,09 68,50 0,86
100,0 | 6,3747 | 1,5222| 0,002 |224,70| 95,70 0,11 1138—1296 73,82 73,82 0,00

the apparatus for viscosity measurement were described in a ﬁrevious communication [5]. The measure-
ment accuracy was 1, 1.5, and 3.7% for p, o, and v respectively.

For these investigations we obtained pure initial salts by known procedures [1]. The density and
surface tension were determined in pyrographite crucibles. The capillaries were beryllium oxide tubes
with sharpened ends. The viscosity was measured in beryllium oxide crucibles in purified argon. The
experimental data were processed by the method of least squares. For all melts of the system UCly—NaCl
we obtained linear temperature dependences of p and o, and an exponential temperature dependence of v
(in °K). The p, o, and v values of pure sodium chloride agree well with the literature [6, 7].

The molar volumes of the melts and their relative deviations from additivity were calculated from
the density measurements. Table 1 lists the results of calculations for 1123°K. Figure 1 shows the density
isotherm for the same temperature. Throughout the UCl; concentration range the molar volumes deviate
toward higher values, which indicates that UCl;—NaCl mixtures have a "looser" structure than the pure
components. The deviations are maximal for melts containing 25-33 mole % UCl;, The "loosening-up"
effect is probably due to formation of complex aggregates of uranium groups of the UCIE™ type.

Figure 1 shows the surface tension isotherm for 1123°K. The ¢ values of UCl3 and NaCl are much
the same. The minimum on the isotherm at 30-40 mole % UCl; indicates reaction of the initial components
in the surface layer. This is confirmed by calculation from the Zhukovitskii —Guggenheim equation of ideal
mixing [8, 9]. The surface tension of a melt of equimolar composition for 1123°K is 14.67% lower than the
calculated value. The adsorption of sodium chloride in the surface layer was calculated from the experi-
mental data [10]. The adsorption isotherm for 1123°K (Fig, 1) has a complex form. The curve intersects
the zero line in the concentration range corresponding to maximum "oosening-up" of the melt.

The density and surface tension data were used to calculate the excess thermodynamic functions
(the free energy G5, the enthalpy HS , and the entropy Sﬁ,l) of the surface of the molar volume sphere.

Figure1 shows their compositional dependences, For all the compositions investigated the excess thermo-
dynamic functions exhibit negative deviation from additivity. It is known that the GISVI values of compounds

TABLE 2. Viscosity and Activation Energy of Viscous Flow in the System UCly—NaCl

lgv=Av 1g'r|=An Bl-l
+ﬁ(v cS) Standard +=2 (n, cP) Standard £ (l:ru ;ez;/+—?] jtar'l::irc()in Tempera-
UCl,, T deviation, T deviation, H (erg fmole. evi * {ture range,
|mole % s P Ep cal (erg-sec) %
—Av Bv —A,'.| BTI —Au Bﬂ /mo],e /mole

0,0 |1,4291} 1478 0,009 1,4357| 1694 0,014 1,6624| 1478 6761 0,005 1090—1254
10,0 11,2343 1097 0,008 1,0927| 1275 0,016 1,2946 | 1097 5019 0,007 1052—1248
20,0 11,4086 1193 0,012 11,1630| 1348 0,030 1,3455| 1193 5457 0,014 960—1238
30,0 | 1,5370} 1415 0,012 1,2179| 1557 0,037 1,3779| 1415 6475 0,017 894—1249
40,0 | 1,6404; 1564 0,004 |1,2675| 1704 0,014 1,4028 | 1564 7154 0,007 888—1254
50,0 |1,7181| 1683 0,012 1,30571 1821 0,046 1,41401 1683 7700 0,024 945—1251
60,0 {1,7404| 1719 0,008 1,3073| 1873 0,034 1,3786| 1719 7866 0,019 9911258
70,0 | 1,7837| 1797 0,004 |1,3106] 1944 0,019 1,3717 | 1797 8224 0,011 1030—1254
80,0 | 1,8446[ 1867 0,005 41,3481} 2015 0,026 | 1,3865| 1867 8545 0,016 1072—1252
90,0 11,6992| 1706 0,017 11,2006] 1876 0,075 1,1998 | 1706 7808 0,052 1414—1252
100,0 [1,2213] 1100 0,003 [0,7387} 1310 0,012 0,6843! 1100 5035 0,009 1128—1278
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with an ionic reaction character are higher than those of compounds with a high proportion of covalence
{11]. Therefore the excess free energy of the surface of the molar volume reflects to some extent the
energy of the bond between the particles. The negative deviation of GISVI from additivity is apparently due
to an increase in the proportion of the covalent bond when the components are mixed, i.e., to complexing.

The dynamic viscosity () for all the compositions investigated was calculated from the results of
the kinematic viscosity measurements. However, the values of 5 cannot be strictly related to the melt
structure because the number of particles per unit volume differs for different compositions. This dif-
ficulty is overcome if we use the molar viscosity u, equal to the product of the kinematic viscosity and the
molecular weight. The extent of the structural changes in the mixtures investigated can be assessed from
the deviations of the p isotherms from additivity. The calculated values of n and p depend exponentially
on femperature. Table 2 lists the coefficients of the viscosity equations, calculated by the method of least
squares. It also gives the activation energies of viscous flow (Ey) for all the compositions investigated.
Figure 2 shows the molar viscosity isotherms and the variation of the activation energy of viscous flow
with the composition of the fused mixtures. Assuming that chloride melts contain complex ionic groups,
in mixtures with a very low UCl; content the following structural units are involved in viscous flow: ele~
mentary sodium cations in the second coodination sphere, complex ionS'NaClz' and UCl%", and a very small
amount of UClg' [12]. With an increase in the uranium trichloride content, NaClz" is replaced by complex
uranium ions, This is accompanied by a slight change in the melt viscosity, largely as a result of the
relative decrease in the number of readily displaceable sodium eations. In melts containing more than 25-
33 mole % UCly, the Na* cations in the second coordination sphere are replaced by complex cations UCl{".
This is accompanied by a much greater increase in the viscosity, The change in the viscosity‘a.nd activa-
tion energy of viscous flow in melts containing from 80-90 to 100 mole% UCI; indicates that the complex
uranium jonic groups in the system break down into simpler groups.
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INFORMATION

ON THE SO-CALLED COSMION

N. A. Vlasov

The name "cosmion" was proposed by a group of Greek physicists for the PP pair (antiproton plus proton)
in a state bound by nuclear forces. They consider that this state has been recorded in their experiments,

In the study of the annihilation of slow antiprotons P with deuterons the Greek physicists observed [1}
that the annihilation products, charged pions, carry away on the average, an energy of 1169 = 10 MeV, which
is 72 £ 10 MeV less than follows from the charge independence of nuclear forces. According to charge
independence three kinds of pions (n*, 7=, 7% are equally probable. A special study of y-radiation [2]
showed that the average number of y —photons is 3.77 = 0.08, which is 0.73 + 0.08 larger than the average
number of charged pions (3.04 + 0.02). For identical numbers of 7+, 7=, and " mesons the indicated values
should be equal, since each neutral pion decays into a pair of v -photons.

Peaks were observed in the y-spectrum correlating with certain variants of the decay, absent, for
example, in pn annihilation, partlcularly when four charged pions are formed, The authors assume that
together with the photons of the 7’ — 2y decay they have observed photons from a preannihilation radiative
transition of the pp pair between quasistationary states in the field of nuclear forces.

The possibility of bound states of an antinucleon with a nucleon was suggested long ago by E. Fermi,
considering a pion as such a state. Even the first experiments on the Pp interaction showed that nuclear
forces between an antinucleon and a nucleon are larger than the forces between a pair of nucleons, and
therefore instead of a single bound state (deuteron) the f’p (p n) pair can have a large number of such states.
Experiment [3] showed that states with nonzero angular momenta play an important role in annihilation, A
bound state with a binding energy of ~80 MeV was observed [4] for the P n pair. . theoretical analysis of
the interaction of antinucleons with nucleons [5] showed that a whole .series of both bound and unbound
resonance states is possible, Therefore their observation cannot be considered unexpected. It is remark-
able that a radiative transition turned out to be more probable than annihilation.

It is known that the electromagnetic interaction giving rise to a radiative transition is considerably
weaker than the nuclear interaction leading to annihilation. Annihilation must be strongly forbidden to
make it less probable than a radiative transition. It is possible that such a prohibition is already contained
in the conclusion of the theoreticians that annihilation occurs at very small distances of the order of 0,1-
0.2 F and its probability decreases rapidly with orbital angular momentum because of the centrifugal bar-
rier. It would be interesting if it would become necessary to introduce new rules similar to those pro-
posed in many theoretical papers to explain the recently observed [6] rather narrow resonances in the
interaction of positrons with electrons at energies of 3.1 and 3.7 GeV. But the conclusionof a preannihila-
tion radiative transition does not follow unambiguously from the observed results. They are easily ac-
counted for by assuming the existence of a state of the Pp pair from which decay into neutral pions is
relatively more probable. Kalogeropoulos et al. [2] consider that such an explanation does not agree with
the spectral observations.

The y-spectra presented [2] require refinement and confirmation, particularly since the authors did
not cite the energies of the observed lines or discuss their relation to the observed excesses of photons
and their total energy.

The name "cosmion" proposed in [2] replaces the old word "protonium." Protonium is a Pp pair
bound by electromagnetic forces. Ordinarily protonium is formed in highly excited states [7] in which the
nuclear interaction is important, but as a result of radiative transitions to less excited states the pair

Translated from Atomnaya Energiya, Vol. 39, No. 1, p. 73, July, 1975.
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converges, the role of nuclear interaction is increased and finally prédominates 'After this the pair is
either annihilated or forms first one or more quas1stat10nary states. Therefore it is clear that a cosmion
is nothing more than dying protonium.

The proposal of the authors to use cosmion y-radiation to search for antimatter is reminiscent of a
similar proposa1 to use protonium radiation made ten years ago [8]. We hope that these proposals can be
successfully realized. -
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INFORMATION : CONFERENCES AND MEETINGS

THIRTY-SEVENTH SESSION OF THE ACADEMIC
COUNCIL OF THE JOINT INSTITUTE OF
NUCLEAR RESEARCH (JINR)

V. A. Biryukov

The thirty-seventh session of the JINR Academic Council was held in Dubna from January 14 to 17,
1975. Leading scientists of the Institute member countries took part in the work. In opening the session
the JINR director, Academician N. N, Bogolyubov, reported on implementing decisions taken by the Aca-
demic Council in previous sessions. The directors spoke of the work of the various Institute laboratories.

D. I. Blokhintsev reported on the work done at the Laboratory of Theoretical Physics. In studies of
power series self-similarasymptotic forms inthe interaction of particles atlarge momentum transfer,based on
the principle of self-similarity and the rules of generalized dimensional analysis of quark amplitudes, the
exact angular dependence of the differential cross sections for large-angle scattering was found. It was
shown that the use of renormalization invariance in nonrenormalizable quantum theories leads to non-
analyticity in the binding constant and restrictions on the subtraction constants. On examining a number of
fields in nonlocal quantum theory it was established that fields can be simply classified according to their
renormalizability, Physical phenomena related to strong, weak, and electromagnetic interactions of pions
at low energies were successfully described within the framework of the quantum chiral theory of fields
with good agreement with experiment: the scattering length and phases of mr scattering, the electromagnetic
radius and the form factor of the pion, the polarizability of the pion, and the weak and electromagnetic
decays of pions. Based on a model of the collision of hadrons consisting of stable quarks, and in compari-
son with the multiplicity distribution of particles created in collisions of high-ene rgy protons it was shown
that the most probable number of quarks comprising a proton is three.

Institute theoreticians have completed direct semimicroscopic calculations of level densities in
spherical and deformed nuclei. Fragmentation was considered within the framework of a model taking ac-
count of the interaction of quasi particles with phonons, leading fo a complication of the structure of states
with increasing excitation energy. A model of the preequilibrium decay of nuclei was constructed. Nuclear
experiments showing the structure of neutral currents were reported.

The work of scientists at the High Energy Laboratory was described in a paper by A. M. Baldin. In
accord with a Soviet~American agreement a group of JINR research workers took part in work at the
Batavia accelerator. Processing of the measurements in an experiment on elastic pp scattering in the 9-
400 GeV energy range has been completed. It was well established experimentally that the sign of the ratio
%p of the real to the imaginary part of the forward scattering amplitude changes from negative to positive
at high energies. The scattering cross section increases above 100 GeV; the ratio of the elastic pp scatter-
ing cross section to the total cross section is practically independent of energy. Diffraction elastic pp
scattering was studied at momenta inthe 50-385 GeV /sec range by usinga gas jet deuterium target. The
energy dependence of the slope parameter and the excitation characteristics of a nucleon were established.

The analysis of the study of the forward scattering of 50 GeV pions on electrons was completed., A
magnetic spark chamber spectrometer at the Serpukhov accelerator was used in this work which was per-
formed in collaboration with University of California physicists. The electromagnetic radius of a pion was
found to be (rir) /220,78 + 0.10 F. This value does not contradict the result expected from the vector
dominance model and agrees with other experimental data. Small-angle elastic 7 ~p scattering at pion
momenta of 40 and 50 GeV/sec was studied, Differential cross sections were found as a function of the
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momentum transfer and the ratio oz,,-p'. This work was performed by a group of scientists 'from JINR,
IFVE, and the University of California.

Cumulative meson production in the interaction of protons and deuterons of momenta 4.2, 6, and 8.4
GeV/sec pernucleonwitaD,Li,C, Al, Cu, Sm, W, and Pb nuclei was studied on the JINR synchrophasotron,
The effect of the transfer of the energy of three or four nucleons to one particle was observed. A recoil
particle spectrometer operating on-line with a computer was built to study elastic dd scattering, The first
physical results for deuteron energies from 6 to 10 GeV have been obtained. ‘

A. M. Baldin reported on improvements of the synchrophasotron. A new LU-20 injector — a linear
proton accelerator giving particle energies of 20 MeV and a beam current of 20 mA — has been put into
operation, With the LU-20 and a system of corrections the intensity of the internal beam in the synchro-
phasotron was increased to 9-10!! protons, 7- 10! deuterons, and 2- 10® alpha particles per cycle. A
control system was built involving the slow withdrawal of the beam from the synchrophasotron using a
computer, The "Krion" ion source mounted on the LU-9M linear accelerator was started up. Helium and
nitrogen nuclei were accelerated with this system.

A complex multiple-purpose device — the 90 channel Cerenkov mass spectrometer "Photon" — was
put into operation on a beam of negative pions. The device consists of six proportional chambers on-line
with a computer, 32 spark magnetostriction chambers, scintillation counters, 90 Cerenkov specirometers,
a liquid hydrogen target, and other systems. Proportional and drift chambers, cryogenic systems, and
various electronic devices were developed further.

V. P. Dzhelepov reported on new research at the Laboratory of Nuclear Problems. Precision mea-
surements of the positive muon lifetime have been made in experiments at the synchrocyclotron. The
target for muon production was the radiator of a Cerenkov detector which recorded p -decay positrons in
47 geometry. The apparatus operated on-line with a computer. The measured value Tyt = 2,19711
+ 0,00008 usec is several times more accurate than other known measurements. A new phenomenon was
observed — the emission of electrons and x~-rays with the formation of muonic atoms of heavy elements
(U, Th,Ir, Ta) — and this opened up a new approach to the study of the dynamics of mesic atom formation.
The experiments were performed in collaboration with CERN physicists on the muon beam of the JINR
synchrocyclotron,

The fission of nuclei of heavy elements in interactions with negative muons was investigated. Mea-
surements showed that the fission probabilities of isotopes of Th, U, Np, and Pu decrease significantly
in the presence of a muon in the 1S orbit of a mesic atom, Institute scientists together with physicists
. from Moscow, Bucharest, Turin, Sofia, Plovdiv, and Rzhezh made a detailed study of the elastic scattering
of pions by 3He and ‘He nuclei in the (3/2, 3/2) resonance region. Experiments were performed on a
magnetic spectrometer with a helium streamer chamber. The energy dependence of the phases of pion-
nuclear scattering was found; the value of the electromagnetic radius of a pion, (rfr)‘/2 =0.83 £ 0.17F,
determined by a new independent method, agrees with the results of other measurements. Experiment
showed an intense formation of neutron-deficient isotopes up to 12-13 mass units from the g-stable band
in reactions involving the capture of negative pions by nuclei of heavy elements. High-spin nuclear states
are efficiently excited in these processes.

An international group of scientists fromIFVE, Saclay, JINR, and ITEF completed the processing
of data obtained in experiments at the Serpukhov accelerator. Differential cross sections and polarizations
in 7~p, K~p, and Pp elastic scattering at a momentum of 4 GeV/sec were determined. Information was
obtained for the first time on the polarization in pp scattering. On the whole the results of the investiga-
tions show the important role of spin dependence in hadron interactions at high energies.. The construction
of the five-meter JINR spark chamber spectrometer was completed on the beam of the Serpukhov ac-
celerator. Research was begun on the diffraction of 40 GeV pions on carbon nuclei, Seventy thousand
pictures were obtained on the spectrometer; they are being processed.

A high-intensity beam for medical, biological, and physical research was produced at the synchro-
cyclotron. Pions produced by a proton beam in a target are focused by a wide-angle magnetic lens with an
axially symmetric field configuration. The electron tracks obtained in a hydrogen streamer chamber are
of adequate brightness for the relatively low field intensity of 27 kV/cm at hydrogen pressures up to 1 atm,

The expansion of closed orbits in sectional magnetic field structures of cyclic accelerators, dis-
covered earlier at JINR, was confirmed experimentally. The use of thig effect in principle solves the
problem of ensuring close to 100% yield of the proton beam in superhigh-current accelerators with a
stationary magnetic field.
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G. N. Flérov presented a paper on experiments at the Laboratory of Nuclear Reactions. A new
method was proposed for the synthesis of heavy elements, based on the use of targets of stable elements
and accelerated ions having masses of 40 atomic anits and more. In reactions involving the bombardment
of lead nuclei with Ar, Ti, Cr, and other ions accelerated in the U-300 cyclotron the isotopes 24» 246Fm and
element No. 102, 4,25, 25Ky were synthesized, This permitted the construction of a new systematics of
spontaneous fission. The use of lead as a target instead of highly fissionable isotopes of Pu, Cm, and Cf
eliminates the background of spontaneous fission and permits the use of the highly sensitive rapid method
of observing nuclei by spontaneous fission. By irradiating the isotopes 2®Pb and 2%Pb with #Cr ions in
reactions with the emission of two and three neutrons from the compound nucleus JINR scientists synthe-
sized an isotope of a new element %9106 which fissions spontaneously with a half-life of ~0.01 sec,

The search for superheavy elements in various meteorites was completed. The Efremovka, Allende,
and Saratov meteorites were investigated. According to the existing hypothesis an excess of heavy xenon
isotopes is related to the possible spontaneous fission of superheavy elements. Methods of analysis sensi-
tive to 1071 weight fractions failed to identify the possible radiator reliably. ‘

The previously discovered delayed proton emitters !Cs, !"®Ba, and ?'Ba were investigated with the
new BEMS-2 mass separator on a beam of heavy ions. The decay of the lighest rubidium isotopes was
studied and preliminary data were obtained on the delayed proton emitter 33Sm. The method of studying
neutron-rich isotopes of light nuclei was improved; the experiments used a combination of magnetic analy-
sis, the AE and E methods, and the time of flight technique. Experiments showing the nuclear stability of
“Be, 1C, and °C (a new isotope) were completed. :

Using a mass separator brought over from Orsay mounted on the beam of the U-300 a group of JINR
physicists and French scientists obtained fundamental physical data on reactions which occur with the
formation of compound nuclei (reactions with the evaporation of nucleons, fission) for a broad range of
masses of the interacting nuclei (target nuclei and heavy ion nuclei) and energies, Level lifetimes and
reduced electromagnetic transition probabilities for the neutron-deficient isotopes of ytterbium and hafnium
were measured by the Doppler shift method. The experimental study of the interaction of Nb, La, and Xe
ions with nuclei showed that characteristic K x-rays are radiated by quasimolecul2s with a total nuclear
charge in the range 74 < Z = 114,

A four-meter isochronous cyclotron is under construction at the Institute, designed to accelerate ions
from neodymium to xenon to a maximum energy of 625 72/ A% MeV /nucleon with a beam intensity from 104
particles/sec for Nd to 10! particles/sec for Xe.G. N. Flérov also reported on the use of beams of heavy
ions to solve scientific-technical problems. The technology of producing nuclear filters has been improved;
experimental sample filters have been made using beams of xenon ions. Work is continuing on the use of i
activation analysis methods.

I. M. Frank spoke of the work of scientists at the Neutron Physies Laboratory. The processing of
measurements of magnetic momenta of compound states of dysprosium excited in the capture of resonance
neutrons has been completed. The experiments were performed on the JINR IBR-30 pulsed reactor. The
neutron energy was measured by time of flight. The method used was the shift of neutron resonance by -
targets whose nuclei are oriented at extremely low temperatures. The experimental results agree with
theoretical estimates. Preliminary data on holmium and terbium resonances were obtained also.

Research on very cold neutrons (VCN) continued to seek the most efficient converter-sources of
VCN. Measurements of the yields of VCN from a number of gaseous and frozen converters established that
frozen water at the temperature of liquid nitrogen ensures maximum yield, exceeding the yield of VCNfrom
aluminum by a factor of 25,

Work continued on the search for the no reaction with resonance neutrons. The alpha decay of neu-
tron resonances of the isotopes 57G4 and "'Yb was observed experimentally. The measured values of the
total alpha widths of these nuclei turned out to be close to the values predicted by a variant of the optical
model in theoretical papers of Institute scientists. The first version of a spectrometer for small-angle
scattering of thermal neutrons using time of flight was built. In an experimental test of the new device the
radius of hemoglobin was measured as 24.5 # 0.6 A; the possibility of determining the dimensions of
biological macromolecules and polymers was demonstrated. A theoretical analysis shows the advantages
of the new instrument over installations on stationary reactors.

Measurements were concluded on the inelastic scattering of neutrons from a sample of PrF; at
various temperatures, including 77 and 4.2°K. They were performed by the method of inversive geometry
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with a beryllium filter, The parameters of the crystal field and the splitting scheme of the principal
multiplet of the trivalent praseodymium ion were obtained,

Construction was continued on the complex new IBR-2 power reactor; the assembly of the technolo-
gical equipment was begun. Work was continued on the construction of new experimental installations and
apparatus for the IBR+2 measurement-computing center.

The paper of M. G. Meshcheryakov was devoted to work of the Laboratory of Computational Techniques
and Automation. Work was continued on the JINR measurement-computing complex. Four standard mag-
netic tape memory units of the ES-5012 type were put into operation on the BESM-6. These permit the
exchange of information with computing centers in other countries. A new variation of the mathematical
check of the BESM-G has been developed in connection with the use of such memory units. To ensure com-
patibility of the BESM-6 and CDC-6200 programs most of the library of BESM-6 general purpose pro-
grams has been transferred to the CDC-6200. A new variation of the translator from FORTRAN-4 was
written for machines of the BESM-4 class, which to a large measure ensures compatability with the input
language of BESM-4, BESM-6, and CDC-6200 machines. Apparatus is being developed for visual com-
munication with a computer. Graphical displays were made on a cathode-ray storage tube with a grid
potential carrier. Construction was begun on small computer displays developed at the Institute. A mathe-
matical check of the display stations is being made.

The tuning of the "Spiral Meter" scanning system was finished and the massive processing of the
pictures from the meter hydrogen bubble chamber was begun. The pictures from the track chamberswere
processed on the HPD and AELT-1 automatic machines also. The system of coupling the semiautomatic
PUOS and BESM-4 was extended; ES-5012 magnetic recorders attached to them tripled the rate of record-
ing and reproducing information. The standard magnetic tape memory units were introduced into the AELT-
1 and BESM-4 system also. The design of the universal BPS-3U-M2 scanning—measuring table was com-
pleted; the technical documents have been transmitted to the factory for production according to state-
ments of the physics institutes,

The development of mathematical programs for experimental installations operating on-line with )
computers was continued. Programs were written for "Photon® and "Alpha® which are devices opérating
on beams of the synchrophasotron, and the BIS-2 and the equipment for seeking new particles and nuclei
used in experiments at the Serpukhov accelerator, The system of programs for processing the bubble
chamber pictures on the BESM~6 was extended by new more efficient programs., Programs have been
written for procéssing pictures from the five-meter spark chamber spectrometer and the two-meter
streamer chamber.

In studying methods for applied calculations, criteriahave been developed for the global convergence
of a continuous analog of Newton's method, and the application of this method to the Sturm—Liouville prob-
lem has been justified. The influence of nonlinear effects on the radiation instability of relativistic elec-
tron rings in a collective accelerator has been investigated.

The SILUND electron accelerator has been put into experimental operation in the Division of New
Methods of Acceleration. This is part of a system for accelerating heavy ions. V. P. Sarantsev spoke of
this work. A fifth accelerating section was constructed to increase the particle energy. The accelerator
tubes were reconstructed, the focusing magnetic ficld was corrected, and the currents of the accelerator
pulse system were stabilized and checked. The test system permits the measurement of 32 electrical
parameters of the accelerator. SILUND furnishes a beam with energies of 2 MeV, a current of 600 A, and
a pulse duration of 15 nsec.

A four-step pulse system was constructed for forming the magnetic field in the adherer. It ensures
the necessary field during the whole ring compression cycle, Pulsed jets of nitrogen and xenon ~30usec
in duration have been obtained with the mock-up of the gas dynamic gun. An arrangement was developed
for determining the basic parameters of the beam in the adherer, operating on-line with an M~6000 com-
puter. The assembly of the measuring center equipment baséd on an M-6000 with a 32K word working
memory has beén completed. This was used to make magnetic and beam measurements in the heavy ion
accelerator. The complex tuning of this accelerator with a beam was begun.

Systems of high-energy proton collective accelerators were studied in order to prepare a sketchy
technical plan for such an accelerator. The "Kol'tsetron,™ a model of the basic system of the accelerator
was started up several times. The main solenoid was tested under operating conditions. The results of
the magnetic measurements of the field of the main solenoid and the gradients of the coil showed that the
magnetic field can be shaped to the prescribed accuracy.
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Specialized sections of the Academic Council have been functioning successfully at JINR, A vice-
director of the Institute, K. Lanius, spoke of the work of the section of high-energy physics, vice-director
Ch. Shimane spoke on the work of the section on low-energy physics, and D. I. Blokhintsev on the work of
the section on theoretical physics. These sections discussed reports on the progress of research in the
laboratories and research plans for next year.

K. Lanius reported on international cooperation and the development of scientific relations of the
Insgtitute, In the past year the JINR laboratories cooperated with scientific research organizations of the
JINR member countries on 160 subjects. Almost 900 foreign specialists arrived at Dubna to perform such
work and to solve other problems. More than 400 Institute research workers took part in conferences and
joint projects in JINR member countries. 17 scientific conferences and 21 scientific organization con-
ferences were conducted. JINR. scientists took part in 84 international and national conferences, symposia,
seminars etc. The 1975 plan provides for the participation of Institute research workers in 56 conferences.
The Joint Institute will organize seven symposia and seminars, three schools, and 15 working and other
conferences, The most important of these will be the International School of JINR and CERN Physicists in
Alushta, the School of the Physics of Heavy Ions at Dubna, the Eighth International Symposium on Nuclear
Electronics at Dubna, and the Fifth Internatxonal Symposium on H1gh -Energy Physics and the Physics of
Elementary Particles in Warsaw,

There was a detailed discussion of the JINR Five-Year Plan (1976-1980) in connection with the paper
presented by the Institute Director N. N. Bogolyubov

The Acadamic Council chose the following laboratory directors for the new four year period: V. P.
Dzhelepov (Laboratory of Nuclear Problems), G. N. Flérov (Laboratory of Nuclear Reactions), and I, M,
. Frank (Laboratory of Neutron Physics).
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THE EUROPEAN CONFERENCE ON THE EFFECT OF
RADIATION ON MATERIALS FOR FUEL ELEMENT
CLADDING AND CORES

Yu., N. Sokurskii

On December 3 to 5, 1974, a European conference took place in Karlsruhe (Federal German Repub-
lic), devoted to the behavior of materials for fuel element cladding and cores under irradiation. It was
organized by the Nuclear-Technical Society of Atomforum of the Federal German Republic and the British
Atomic Energy Authority. About 200 representatives from 24 countries participated in the work of the
conference.

Reports and communications were presented (more than 50 reports) on the following principal trend:
radiation swelling after irradiation by heavy ions and electrons; radiation swelling during reactor irradia-
tion; structural and phase stability of materials under irradiation; mechanical properties during testing in
a reactor. The reports mainly congidered the materials used for cladding of fuel elements, assemblies
and structural cores of nuclear reactors, and also materials which it is proposed to use for these purposes.

Approximately one-half of the reports presented at the conference was devoted to the problem of
radiation swelling. It was shown that the accelerated formation of defects in materials by irradiation with
heavy ions and electrons with high energies (1 MeV) allowed a comparison to be made of the resistance of
a number of structural materials in relation to radiation swelling.

Data were discussed also concerning the swelling as a result of neutron irradiation of austenitic
steels M316, FV-548, 1.4970; 1.4981; 1.4988, Nimonic RE-16, etc. Swelling of claddings and saimples of
various austenitic steels were compared as a function of the type of thermomechanical processing. Some
reports were concerned with the effects of swelling on the composition of the alloys, impurities, in parti-
cular carbon, and the irradiation conditions.

In the reports devoted to structural (phase) stability of alloys under irradiation, attention was paid
to the fact that under the action of irradiation, because of the high concentration of defects, metastable
states are formed which differ strongly from the equilibrium states. The theory of the phenomenon is
discussed and experimental data are given about the dissolution and precipitation under irradiation of the
v -phase in Inconel 625 and in Nimonic RE-16.

In the investigations of the mechanical properties under irradiation, particular attention was paid to
radiation creep. Austenitic steels and Nimonic RE-16, stabilized with niobium, were studied over the range
250-450°C, i.e., in the absence of thermal creep. The opinion was expressed that radiation creep may be
one of the principal factors which limits the time of operation of fuel element bundles in fast reactors. A
number of reports was devoted to the effect of irradiation on the creep of zirconium alloys.

In several reports, data were presented on the change of tensile and plastic properties of certain
austenitic steels, hasteloya-X and other materials after irradiation. The majority of authors associate
[ the reduction of elongation at elevated temperatures with the effect of helium formed in the materials by
the action of irradiation.

At the conclusion of the conference, the Soviet delegation was afforded the possibility of becoming
acquainted with the laboratories of a number of Institutes of the Center for Nuclear Research in Karlsruhe.

Translated from Atomnaya Energiya,'Vol. 39, No. 1, p. 77, July, 1975.
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SEMINAR ON THE USE OF THERMAL NUCLEAR
REACTORS IN FERROUS METALLURGY

E. F. Ratnikov

A seminar on the use of thermal nuclear reactors in high-temperature processes in ferrous metal-
lurgy was held in Sverdlovsk on February 15, 1975, It was sponsored by the Section of Atomic Power
Engineering of the Sverdlovsk Regional Society of Power Engineers and the power engineering industry.
The seminar was held at the S. M. Kirov Ural Polytechnical Institute. The seminar was attended by repre-
sentatives of scientific-research and educational institutions of the Sverdlovsk and Beloretsk nuclear power
installations.

V. V. Mikhailov presented a report on several technological processes of ferrous metallurgy using
thermal nuclear reactors. E. F. Ratnikov discussed nuclear power engineering for metallurgical produc-
tion. Interest is increasing in the use of thermal nuclear reactors in high-temperature processes of fer-
rous metallurgy. Stimulating factors are the increasingly scarce (and also costly) fossil fuels presently
used in ferrous metallurgy (coking coals, natural gas), atmospheric pollution in the vicinity of metallurgi-
cal plants, the advances in high-temperature gas-cooled nuclear reactors, and the possihility of lowering
the cost per ton of steel by use of thermal nuclear reactors.

Metallurgists B. I. Kitaev, S. G. Bratchikov, and Yu. G. Yaroshenko discussed the logical use of .
thermal nuclear reactors for heating and coking of coals, heating of blast furnaces, methods of obtaining
sponge iron with use of carbon monoxide and hydrogen as reducing agents, and also high-temperature heat
exchangers. Power engineers A. P, Baskakov, A. G. Sheinkman, et al, reported achievements in the de-
velopment and operation of high-temperature nuclear reactors. The costs per unit heat and per ton of steel
in using nuclear power engineering in metallurgical plants with a capacity of five million tons of steel per
year were discussed (with thermal power of 2500 MW and electrical power of 300 MW),

Those attending the seminar recommended that a council be created to consider the use of thermal
nuclear reactors in ferrous metallurgy, with participation of leading power engineers and economists of
the Ural Scientific Center of the Academy of Sciences USSR, the Ural Polytechnical Institute, and other
scientific-research and planning organizations in Sverdlovsk.

Translated from Atomnaya Energiya, Vol. 39, No. 1, pp. 77-78, July, 1975.
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INFORMATION : NEW INSTRUMENTS AND APPARATUS

SELF-CONTAINED RADIOISOTOPE POWER
UNITS FOR NAVIGATION EQUIPMENT SYSTEMS

Yu. B. Flekel', B. S. Sukov,
and A. I. Ragozinskii

A wide network of automatic radio- and light-beacons extends over the sea routes and coasts of the
Soviet Union. Information obtained from these systems is the basis for navigation safety.

At present, diesel- and wind-electric plants charging accumulator batteries or batteries of dry
galvanic elements are used as sources for the beacons and signal lights, The drawbacks of these electric
power sources are due mainly to the necessity for their constant servicing, small operating resources,
low reliability and dependence on climatic conditions.

The most promising sources of power for automatic navigation systems are radioisotope power units
which are being developed both in the USSR and abroad [1]. The All-Union Scientific Research Institute of
Radiation Technology, together with specialized organizations, have developed several modifications of
radioisotope power units for automatic radio- and light-beacons and illuminated navigation signs. In 1970,
the "Granit-1" experimental radioisotope power unit was brought into operation in the Kronstadt beacon,
made on the basis of a radioisotope thermoelectrical generator with a power of 8-10 W at a potential of
14 V. The radioactive isotope Cs-137 is used in the generator. In conjunction with a buffer accumulator
battery, the generator has provided round-the-clock operation of the beacon in a pulsed cycle. Operation
of the radioisotope power unit has enabled several principles, fixed during its development, to be verified:
the feasibility of long term operation of accumulator batteries under conditions of continuous recharging
with low currents, the stability of the generator—storage element system over a wide range of tempera-
tures, ete, '

In 1969-1974, the "Efir" radioisotope power unit was brought into operation, supplying electric power
to type ANRM-1 radiobeacons with a range of operation of 100 miles {2]. The "Efir® radioisotope power
unit was manufactured on the basis of a generator with an electric power of 30 W at output voltages of 12
and 32V, Sr-90 is used in the generator. "Efir"-type units are located on the coast and islands of the
Arctic Ocean and provide reliable navigation on the most important sections of the Northern sea route in
severe climatic conditions.

In 1973-1974, "Granit-2" and "Granit-3"-type radioisotope power units were installed, developed on
the basis of the series-produced "Beta-S" radioisotope generator with Sr-90 (electric power output 10 W
and potential 6 V). They feed signal lights located in the most dangerous places of the Barents and Okhotsk
seas and the Sea of Japan.

In June 1974, a radioisotope power unit was brought into operation in one of the most important
beacons in the Baltic Sea, "Tallin," and consisted of two radioisotope thermoelectric generators with an
electric power of 60 W at a potential of 40V, provided with an electric power storage system and voltage
converters. The radioisotope power unit of the Tallin beacon has four output channels for supplying the
navigation equipment, which consists of a light beacon with a power of 250W at a supply voltage of 34V,
operating up to 19h per day with an off-duty factor of 6; a radiobeacon, with a power of 11W at a supply
voltage of 12.6V, operating round-the-clock with an off-duty factor of 4; an automatic unit with an average
round-the-clock requirement of ~2W at 12.6 V; remote control systems and navigation equipment monitor-
ing systems with an average round-the-clock requirement of ~5W at a potential of 24 V.

Translated from Atomnaya Energiya, Vol. 39, No. 1, pp. 78-79, July, 1975.
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The radioactive isotope Sr-90 is used in the generators. The combination of an isotope with a long
half-life and low temperature thermoelectric convertersbased on ternary alloys of bismuth—tellurium—anti -
mony and selenium allows a long-term duty (up to 10 years) of the radioisotope power unit, The generator
is provided with a system for regulating the thermal current reaching the thermoelectric converter, which
enables, the efficiency of the generator to be increased because of optimization of the operating conditions
of the thermoelectric converter, and enables the Output parameters of the generator to be maintained
constant during operation.

The radioisotope "fuel™ with an activity of 240,000 Ci is enclosed in three hermetically-sealed
ampoules which, together with the combined radiation shielding of alloys of depleted uranium and tungsten,
form the thermal unit. It is mounted in the casing by means of a cylindrical sheath. A gas-screened
thermal insulator with a xenon filling is used in the generator and this ensures a generator thermal ef-
ficiency of more than 0.85. The radiation shielding of the generator reduces the y-radiation exposed dose
intensity to 10 mR/h at 1 m, which allows transportation, assembly and operation of the generator without
special limitations.

The electric power storage element, operating under buffer conditions, is manufactured on the basis
of nickel—-cadmium accumulators of the NKG-30S type and consists of four (according to the number of
consumer channels required) batteries. It is provided with a special electronic device which protects the
accumulators from both over-discharging and overcharging. In order to ensure the necessary operating
temperatures of the accumulators over a wide range of temperature variation of the ambient air, the
storage element is installed in a thermostatically controlled jacket. '

The voltage converters installed in the radioisotope power unit match the output voltage of the
generators (40V) with the consumer channel feed voltage. They are made in semiconductor elements ac-
cording to a push-pull circuit with a switching transformer.

The experience of operating radioisotope power units has shown the long-term prospects for their
application to power systems for navigation facilities and for various self-contained systems intended for
long-term operation without servicing. In the near future, tens of these systems with radioisotope power
units will be installed in various regions of the Soviet Union.
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TOR-3 REFLECTING GAMMA THICKNESS GAGE

P. G. Lakhmanov, Yu. A. Skoblo,
and V. B. Timofeev .

The TOR-3 reflecting gamma thickness gage (see Fig. 1) has been developed at the All-Union Scienti-
fic-Research Institute of Radiation Technology to measure the thickness of carbon steel plates. The in-
strument can be used for measuring the wall thickness of carbon steel pipe and also plates and wall thick-
nesses of other materials after recalibration, It can also be used to determine the level of liquids and
dry materials in various containers.

The operating principle and block diagram are the same as those of the TOR 1 instrument, The
basic characteristics of the TOR~3 instrument are as follows:

Range of thickness measured, mm (steel)...... 0.5-16
Basic error in measurements on plates
0.5-3 mm thick.....o000vuuss Creeeasas .... not over 0,15 mm
3.0-16.0 mm¢thick........coveviennnnnnns. not-over 4.0%
Measuring time, sec....... e ieie e not over 60 .
Operating temperature, °C .........cc0vuviunn. —30 to +50
Operating time per battery, h............ e at least 50
CWeight, KZ. oot e e i not over 5 - -

The instrument was designed to be compatible with the TOR-1 instrument.

The duty factor of the new instrument exceeds 60%. The TOR-3 is' superior not only to the TOR-1
but also to foreign instruments of the samie type.

Fig. 1. TOR-3 reflecting gamma
thickness gage.

Translated from Atomnaya Energiya, Vol. 39, No. 1, p. 79, July, 1975.
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BOOK REVIEWS

S. M. Gorodinskii and D. 8. Gol'dshtein.
DECONTAMINATION OF POLYMER MATERIALS*

Reviewed by E. E. Finkel!

One of the first tasks in the overall complex of problems of the radiation safety of the personnel of
laboratories and industrial plants relates to the decontamination of polymer materials. They have acquired
a wide range of application as protective coverings for building structures and plants innuclear power and
radioisotope technology and also as elements of individual protective agents.

The publication of the monograph "Decontamination of Polymer Materials," written by well-known
specialists in the field of radiation hygiene, S. M. Gorodinskii and D. S. Gol'dshtein, is extremely oppor-
tune.

Despite the comparatively small bulk, a wide rangeof problems is covered in the book, 1nclud1ng
current theoretical representations and practical recommendations.

In the first chapter, general data are systematized on the sources of surface contamination and the
means of individual protection against radioactive substances. Together with a description of the princi-
pal sources of radioactive contamination, associated with the operation of nuclear reactors, reprocessing
of nuclear fuel, the production and application of natural and artificial radioactive isotopes, the Soviet
scientists reveal the important role of a surface contaminated with radioactive substances as an additional
source for the entry of radioactive substances into the air of rooms. Unfortunately, the authors have
evaded with silence the industrial and combined laboratory radiation-chemical facilities, which differ in
defined special properties. :

In the second chapter, the principal characteristics of adhesion and sorption of radioactive contamina-
tion by polymer materials are given and the effect of the chemical structure of the chain and the state of
the surface of the polymers on the strength of fixation of the radioactive contamination is analyzedbriefly.
The discussion is of a descriptive nature, intelligible for a wide circle of specialists of different cross-
section, but simplifies somewhat this important theoretical material.

The principal material of the monograph is considered in four chapters (3 to 7).

" The third chapter is devoted to the basic principles of decontamination of polymer materials, To-
gether with an account of the permissible levels of radioactive contamination, the authors introduce a
suitable classification of decontamination methods, formulate the general requirements on decontaminating
solutions, by specific examples show the role of the principal components of the decontaminating solutions
and also make recommendations on the choice of an efficient decontamination cycle. The possibilities are
considered for the preliminary treatment of the surface for the purposes of facilitating subsequent de-
contamination and the necessity is emphasized for the complex solution of the problem of selection and
optimization of the method of decontaminating polymer materials, as not one of the existing methods is an
all-purpose method.

The fourth chapter is devoted to estimating the "decontaminability™ of polymer materials. Based on
the analysis of foreign and Soviet publications, the authors show every complexity of founding a methodical
approach to this problem, taking into account the dependence of the sorption—desorption properties of the
radioactive isotopes of various elements on the structure and composition of the polymer material. By
drawing on extensive experimental data, the authors have stated the principal results of investigation of the
decontaminability of polymer materials and the development of easy decontaminating formulas. They have

- *Atomizdat, Moscow, 1975.
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paid great attention to the effect-of a mixture of tributyl phosphate with kerosene, widely used in extraction
methods of nuclear fuel reprocessing, on the decontaminability of polymer materials. "

The fifth chapter is of considerable interest and great practical value and is devoted to a considera-
tion of the specific characteristics of the removal of different radioactive elements from polymer ma-
terials. Vast experimental data on the decontamination of polymer substances contaminated with radio-
active products of the fission of uranium, activation products of the corrosion of structural elements of
nuclear reactors, and contaminated also by a¢-emitters, are classified in this chapter. A comparison is
given of the efficiency of removal of various contaminants, on the basis of which is introduced a 4-group
clasgsification, depending on the difficulty of removal, and also the efficiency of simple and complex de-
contaminating solutions is assessed.

In the sixth and seventh chapters, recommendations are made for the decontamination of protective
coverings and means of individual protection where, for each method, the sphere of application, advantages
and disad}vantag‘es are recounted, '

The last and eighth chapter is devoted to an account of the principal requirements of safety techniques
for the decontamination of protective coverings and means of individual protection.

It should be emphasized that the range of problems covered, the level of explanation and the practical
value of the actual data of the monograph has no equal and is the first publication of this type; it can be
used for familiarization with the essence of a problem and for obtaining reference data. The book will be
useful for a wide circle of specialists — researchers, technologists, designers and operators, for whom
problems of decontamination and radiation safety are of first-degree importance.
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,WITH COVER-TO-COVER: ENGLISH TRANSLATlONS OF SOVIET JOURNALS

The Soviet Journal of
‘Bioorganic Chemistry

Btoorgamcheska ya Khimiya

Editor: Yu. A. Ovchin'ni'kov
Academy of Sciences of the USSR, Moscow

Devoted to all aspects of this rapidly:developing science,
this important new journal includes articles on the isola-
. tion and purification of naturally-occurring, biologically-
_.active compounds; the establishment of their structure;
the mechanisms of bloorganlc reactions; methods of
synthesis and biosynthesis; and the determination of the
relation between structure and blologuca! function.

Volume ‘l 1975 (12 issues)

...............

The Soviét Jdu'rnél of :
Coordination Chémlstry " ;

Koordmats:onnaya Khimiya . o .

“Editor: Yu. A. Ovchinnikov
Academmy of Sciences of the USSR, Moscow

‘The synthesis, structure and properties of new coordi-
nation compounds; reactions involving intraspheral sub-
stitution and ‘transformation of ligands, homogeneous
catalysis; complexes with polyfunctional and macro-

$225.00

molecular ligands; complexing in solutions; and the ki-'

netics and mechanlsms of reactions involving the partici-

pation of coordination compounds are among the topics
this monthly examines.

Volume 1, 1975 (12issues) .. ... ...........

$235:0Q
The Soviet Journal of Glass -
Physics and Chemistry

Fizika i Khimiya Stekla

Editor: M. M. Shul'ts * )
Academy of Sciences of the USSR, Le_ni‘ngrad

This new bimonthiy publication presents in-depth ‘articles
on the most,important trends in glass technoiogy Both
theoretical and applied research are reported.

Volume 1, 1975 (6 issues)

‘

)

,Mlcroelectromcs

M/kroelekrron/ka

Editor: A. V. Rzhanov * R
Academy of Sciences of the USSR, Moscow /

Offering invaluable reports on the latest advances in
fundamental problems of microelectronics, this ‘hew- bi- ™
monthly covers ® theory and des:gn of mtegrated cir-
‘cuits ® new productnon and testmg methods for micro-
electronic deviges ® new terminology ® new pnnc1p|es of,
component and functional integration.

Volume 3, 1974 (Gissues)™ ................ $135 00
Lithuanian -

Mathematical Transachons

Lietuvos Matematikos R/nk/nys N

N

Editor: P. Katliyus
A publication of the Academy of Sciences of the Lithuanian

SSR, the Mathematical Society of the Lithuanian SSR, and the .
higher educationat institutions of the Lithuanian SSR.

In )oining the ranks of other outstanding mathemat‘ncal
journals translated by Plenum, Lithuanian Mathematical
Transactions brings |mportant original papers and notes
in all branches of pure and applied mathematics. Topics
covered in recent.issues include complex variables,
probability theory, functional analysis, geometry and
topology, and computer mathematics and programming.
Translation began with the 1973 issues.

Volume 15, 1975 (4 issues) ............... $150 00
Programming and

. Computer Software
Programm/rovan/e ) , N

Editor: N. P. Buslenko 0 '
Academy of Sciences of the USSR, M'oscoyv

This important néw'bimon‘thly is a forum for briginal

- research in computer programming theory, programming

methods,
gramming.

Volume 1, 1975 (6 nssues)

and computer softwaré and systems pro-

send for your free examination copies!

- *Please note that the 1974 volumes of this journal will be pt}blished in 1975, )

PLENUM PUBLIS‘HING CORPORATION, 227 West 17th Stree,t,"New York, N.Y. 10011
In United Kingdom: 8 Scrubs Lane, Harlesden, London NW10 6SE, England ‘ N

Prices slightly higher outside the US. Prices subjett to change without notice.
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- The Plenum/China Program

Research in the medical, life, environmental, chemical, physical,
and geological sciences from the People’s Republic of China

The 15 major scientific journals published in China since the Cultural Revolution are being
“ made available by Plenum in authoritative, cover-to-cover English translations under the
Plenum/China Program imprint.

These important journals contain papers prepared by China’s leading scholars and present
original research from prestigious Chinese institutes and universities. Their editorial boards
are affiliated with such organizations as the Chinese Chemical Society, the Academia Sinica
in Peking and its !Institutes, and the Chinese Microi'.)iological Society.

" The English editions are prepared by scientists and researchers, and all translations are
reviewed by experts in each field.

No. of Subscription
Journal Title  lssues Price
Acta Astronomica Sinica 2 $65
Acta Botanica Sinica 4 $95
Acta Entomologica Sinica 4 $95
Acta Genetica Sinica 2 $65
Acta Geologica Sinica 2 $75
Acta Geophysica Sinica 4 $95
Acta-Mathematica Sinica 4 . $75
Acta Microbiologica Sinica 2 $55
Acta Phytotaxonomica Sinica 4 $125
, Acta Zoologica Sinica 4 $125
Geochimica \ 4 $110
Huaxue Tongbao — Chemical Bulletin 6 $95
Kexue Tongbao — Science Bulletin 12 $175
Scientia Geologica Sinica 4 $125
' Vertebrata PalAsiatica 4 $95

For further information, please contact the Publishers.

SEND FOR YOUR FREE EXAMINATION COPIES

PLENUM PUBLISHING CORPORATION
227 West 17 Street, New York, N.Y. 10011
In United Kingdom 8 Scrubs Lane, Harlesden, London, NW10 6SE, England
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